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“The principles of physics, as far as I can see, do not speak against the possibility of maneuvering 
things atom by atom. It is not an attempt to violate any laws; it is something, in principle, that can 
be done; but, in practice, it has not been done because we are too big.” 
(R.P. Feynman 1959, There’s plenty of room at the bottom) 
 
 
In 1959, Richard. P. Feynman gave a speech describing the coming technology for making, 
manipulating and controlling things on a small scale.[1] At that time, the miniaturization was still a 
supposition. It was necessary to wait until the 1980s to see those technologies emerge. Nowadays, 
nanotechnology is present in several aspects of our daily life. From a general point of view and 
according to the IUPAC definition, nanoscience and nanotechnology are science and technology 
concerning objects of nanometer dimension (nanoscale about 1 to 100 nm, 1nm ~ 10-9 m), which 
are atoms (tenths of nanometers) and molecules (nanometers).[2] Nanotechnology encloses several 
science fields, including chemistry, biology, physics, material science, and engineering. Even more 
than that, nanotechnology is the fusion of all of them. According to U.S National Nanotechnology 
Initiative (NNI) “nanotechnology is not just a new field of sciences and engineering, but a new way 
of looking and studying”.[3] 
In agreement with this new way of studying, nanotechnology has offered new technologies 
to better understand the biological systems down to single molecules and has given new refining 
techniques for medical diagnostics and biomolecular detection. Moreover, great efforts have been 
made to find technologies with minimal or non-invasive processes. The development of DNA 
microarrays coupled to fluorescence technique in the early 90s opened the possibility to study 
thousands or millions of genes simultaneously.[4] Such a characterization of human genome would 
yield the identification of several disease genes.   
The subject presented in this manuscript is a typical example of the multidisciplinarity of 
nanoscience, in between chemistry, biology and physics. Indeed, our main objective was the 
fabrication of a device for early detection of cancer biomarkers without the need of labeling. 
Currently, the diagnostic tools in the case of cancer consist, in particular, in tracking some 
dysfunctional proteins which are biomarkers of the disease state. These biomarkers are identified 
and quantified by methods relying on their recognition by their respective antibodies (e.g. 
immunohistochemistry). However, the production of antibodies specific of a given protein requires 
successive, long and costly biotechnological steps. In addition, the detection of the protein-antibody 
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complexation also requires a complex step for labeling the antibody with a “tag” allowing its 
detection by a suitable equipment.   
Therefore, ONCOMATE project (“Olfactory” Nano-detection of Cancer Obtained from 
Machine learning TEchnology) was born from the initiative of four laboratories and one local 
company: the LAAS laboratory (Laboratory for analysis and architecture of systems, groups LAAS-
NBS and LAAS-DISCO), the Biochips platform of Toulouse Genopole (CNRS-INRA-INSA), 
Claudius Regaud Institute (ICR-INSERM), IMRCP laboratory (Laboratory of Molecular 
Interactions and Chemical and Photochemical Reactivity) and Innopsys S.A. They were inspired by 
an innovative and interdisciplinary approach to develop and improve the detection of protein 
biomarkers by combining three main technologies: molecularly imprinted polymers (MIP) 
technique, label-free detection based on light diffraction by nanoscale structures and the use of 
machine learning tools for processing the database of patients.  Detecting and quantifying the 
desired biomarkers being at the centre of the subject, the following introduction will first present an 
overview of biosensing.  
 
I. Biosensors 
A sensor is defined as an integrated self-containing device that recognizes the presence of 
the species of interest and converts it into an output signal. This signal provides a specific, 
quantitative or semi-quantitative analytical information. Biosensors specificity is to include a 
biological element, either in the device itself or in the engineering method. Biosensors consist, on 
the one hand, of a biological recognition element, which acts upon a biochemical mechanism, and, 
on the other hand, of a transducer relying on electrochemical, mass, optical or thermal principles 
(see Figure 1).[5]  
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Figure 1. Schematic illustration of biosensor principle.  
 
The bioreceptor or biorecognition molecule (e.g. enzyme) as its name suggests, is capable of 
specifically recognizing a target substance. It is the component which determines the specificity of 
the biosensor. The bioreceptor is immobilized on the transducer surface and thus constitutes the 
sensitive layer of the biosensor. The transducer (e.g. potentiometric biosensors) converts the 
recognition event in a measurable output and the sensitivity of the biosensor will depend on it. 
Depending on the transducer method, the latter can be divided into labeled (the signal is measured 
by the labeled compound) or label-free types (the signal is achieved when the analyte binds to the 
receptor). In addition, due to the inherent fragility of biological elements to harsh conditions, the 
biosensor preparation must be carried out in mild conditions (such as temperature and pH) in order 
to preserve their native form. Clark and Lyons in 1962 developed the first biosensors that were 
marketed in 1975 by Yellow Springs Instrument Company. These were composed of the glucose 
oxidase enzyme which was immobilized onto an amperometric oxygen electrode for determination 
of glucose.[6] Thenceforth, the development of biosensors and their miniaturization have grown up 
and several parameters have been improved such as the reduction of the sample required for the 
analysis, higher sensitivity and selectivity, lower detection limits and high-throughput, fast and real-
time analysis.   
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I. 1. Bioreceptors   
Biosensors can be subdivided into t
catalytic and affinity biosensors (see
Figure 2. Classification of biosensors with respect of 
 
Catalytic biosensors mostly 
They are based on catalytic reactions between the analyte and the enzyme to give a product
measurable form.[7]  The enzymes are also used to enh
Antibody-antigen complex
recognition elements used in affinity
action for these biosensors relies on 
affinity bioreceptors display high specificity 
the catalytic ones. However, this interaction is almost irreversible whereas
are in most of the cases auto-regenerated. Affinity
range efficient concentration because
of antibody-antigen complexes, 
process, multistep fabrication and 
on DNA microarrays have been 
complementary DNA (cDNA).[4] 
 Molecular imprinting is a technique for creat
molecule in a synthetic polymer. MIPs are produce
presence of a template. Upon removal of the target molecule, a cavity remain
Catalytic 
biosensors 
Enzymes Microorganism
8 
wo classes, based on their mechanism of 
 Figure 2).  
bioreceptor types. 
use enzymes and microorganisms as the 
ance amplification signals in 
es also called “inmunoreceptors” are t
-based biosensors (see Section I. 2. 4)
specific binding of the analyte to the receptor.
and affinity for the analyte and sometimes higher than 
 the biocatalytic elements 
-based biosensors sometimes present
 there is a saturation of the bioreceptor. 
antibodies show several disadvantages such as 
high price to produce. Another kind of affinity biosensors based 
widely developed due to the large and expanding data
These biosensors are made also with cells and 
ing receptor sites which are specifi
d by polymerizing functional monomers in 
Receptors
MIP
Affinity biosensor
Antibodies DNA
recognition, 
 
recognition element. 
 in a 
other systems. 
he most common 
. The mechanism of 
 In general, 
 a narrow 
Despite the wide use 
time consuming 
base of 
lectin proteins.  
c to a target 
the 
s whose shape, size, 
Cell MIP
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functionality and spatial arrangement are complementary to the imprinted molecule. These selective 
recognition sites enable MIPs to bind target molecules with affinity and selectivity which has 
reached, in some examples, those of natural receptors. These biomimetic receptors display several 
advantages over their natural analogues such as low manufacturing cost, robustness and high 
stability. MIP receptors have already been used for diagnostic and pharmaceutical applications. For 
instance, Polyintell is a company founded in 2004 by K.  Haupt and cofounders using MIPs for 
those applications.[8] A detailed description of MIPs will be given in Chapter I. 
 
I. 2. Biosensor Interface   
The challenge of fabricating biosensors relies on the correct choice of a solid surface 
depending of the final application. Moreover, the development of the interface layer to tether the 
receptor near to or onto the transducer surface is a critical step. The latter must be carried out by 
selecting a surface chemistry which is compatible with the receptor while maintaining its native 
conformation and biological function (see Figure 3).  
 
 
Figure 3. Schematic illustration of protein surface immobilization. a) Ideal case in which proteins are uniformly 
orientated, properly folded and optimally spaced. b) Non-ideal situation in which proteins are immobilized in various 
orientations, with varying degrees of denaturation aggregates and with the presence of non-specific adsorbed proteins.[9]  
 
In this section, we will discuss the parameters that need to be controlled in protein biochips. 
We have divided the methods to immobilize the receptor molecules, in adsorption, diffusion 
(entrapped) and covalent and affinity binding to a support as shown in Figure 4.  
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Figure 4. Protein surface immobilization strategies. The red dots represent the active sites of the proteins.[10] 
 
I. 2. 1. Adsorption Approach 
The protein immobilization by adsorption approach relies on the physical adsorption of the 
protein onto a support. Owing to their complex structure, proteins can adsorb onto the surface 
mainly through hydrophobic, electrostatic and van der Waals interactions. Regarding the solid 
surface type, gold is one of the most currently metallic substrates used in biosensors with 
electrochemical and surface plasmon resonance (SPR) transducers.[11] Gold surface offers several 
attractive properties such as electrical conductivity and compatibility for self-assembled monolayers 
(SAMs) deposition. Glass is another solid surface widely used for biosensors as well as 
microarrays. For instance, Affymetrix is the world's leading company in high-density DNA arrays 
on glass slides.[12] Glass and silicon surfaces are usually adopted for optical sensors due to the 
transparence (glass) and minimal degree of fluorescence. Moreover, they display suitable rigidity, 
flatness and their surface can be modified by several modification surface processes. For instance, 
they can be first activated by oxygen plasma or pirhana solution (H2O2/ H2SO4) and then modified 
with organosilane reagents. Synthetic polymers are an alternative for protein surface immobilization 
due to their low price. Generally, they have to be modified to offer a surface compatible with the 
proteins. Examples of synthetic polymers used mostly in microfluidic technology are 
poly(dimethylsiloxane) (PDMS), poly(methyl methacrylate) (PMMA) or polycarbonate (PC).[13] 
The main obstacle presented in the elaboration of proteins biosensor is the non-specific 
interactions. Consequently, any protein present in the biological sample in contact with the 
biosensor can be non-specifically bound. Such non-specific binding can exceed the detection of the 
desired analyte interaction. In order to avoid this, several processes have been developed. For 
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instance, the use of SAMs based on oligo (ethylene glycol) derivatives is very efficient because they 
offer a hydrophilic surface in which the water layer on the oligomer resists to protein adsorption. In 
addition, blocking agents such as bovine serum albumin (BSA) or casein from skim milk powder 
are currently used to control non-specific protein adsorption.[14] Furthermore, the proteins can be 
adsorbed with various orientations reducing their biological activity (see Figure 4a). A shortcoming 
of this approach is that the attachment by adsorption is usually weak and reversible. In fact, the 
molecules can be easily desorbed from the surface by simple rinsing. 
 
I. 2. 2. Diffusion Approach 
Proteins can also diffuse without chemical modification in the porous matrix of polymer 
membranes (nitrocellulose, poly-L-lysine or nylon) or hydrogels (polyacrylamide, agarose, dextran, 
polysaccharides or poly (ethylene glycol)) which are covalently attached to glass slides (see Figure 
4b). The main advantage of these materials lies in their aqueous environment, which minimizes 
protein denaturating. However, some inactivation can still occur depending on the matrix and the 
orientation of the protein inside. In some cases, these matrixes can also hinder optical detection due 
to their high background signal. Furthermore, because the analyses are generally carried out at room 
temperature, one of the major limitations in biosensors when using membranes or hydrogels is the 
ability to preserve the humidity of the materials while measuring the recognition event.  
 
I. 2. 3. Covalent Attachment 
Proteins can be immobilized on a solid support by covalent bonds through many of their 
functional groups, which lead to a strong attachment and high protein density. It can be carried out 
on glass slides functionalized with epoxides, primary amines, aldehydes or N-hydrosuccinimide 
esters (NHS). This approach is suitable for protein immobilization. However, since the proteins 
have numerous functional groups, a random organization can occur through the lateral side-chains 
(see Figure 4c). Consequently, the protein can suffer changes in its conformation, losing its activity 
or making it inaccessible.[10]  
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I. 2. 4. Affinity Attachment. Capture Molecules.  
This approach is based on the high specific affinity between some capture molecules and 
their target molecule. The substrate is usually first modified using different surface chemistries, 
leading to the functional groups necessary to immobilization of the capturing entity.  
Among others (see Figure 5),[15, 16] antibodies which display high affinity with proteins  are 
used to “capture” them. Otherwise, aptamers can be used. They are single-strand oligonucleotide 
sequences (DNA or RNA), artificially synthesized, which are able to recognize various target 
molecules with a high affinity and specificity. They can be an alternative to antibodies because they 
are more stable and their production on a large scale is less expensive; however, their affinity 
constant can be smaller.  
 
Figure 5. Different classes of molecules acting as capture molecules.[15] 
 
Antibodies are robust proteins, also called immunoglobulins produced by specific B 
lymphocytes (plasma cells) in response to the invasion of foreign molecules (antigen) in the body. 
Antibodies structure is generally represented as a Y-shape and it is constituted of four polypeptide 
chains: two identical copies of a heavy chain and two of a light chain linked by disulfide bonds (see 
Figure 6). These chains are composed of two arms, Fab (fragment antibody) and a tail, Fc 
(crystalizable fragment) with variable (V) and constant(C) regions. On one hand, variable regions 
(amino acids) of the antibody contain two available sites to bind an antigen.[17] On the other hand, 
the tail (Fc), which is constituted of carbohydrate moieties, can be used for antibody immobilization 
onto the substrate when the antibody is employed as a capture molecule. In addition, the antibody 
can be immobilized onto the substrate by the thiol group in Fab fragments.[18]  
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Figure 6. Schematic illustration of antibody structure with the three sites dedicated for oriented immobilization.[19] 
 
We can differentiate two different types of antibodies depending on the fabrication 
procedure: monoclonal (Mab) and polyclonal antibodies (Pab). Monoclonal antibodies are produced 
by a unique B lymphocyte generating one type of antibody which specifically recognizes one region 
(epitope) on an antigen. Polyclonal antibodies are fabricated by using a mixture of B lymphocytes, 
therefore generating multiple antibodies that recognize several epitopes on an antigen. Whether one 
chooses to work with monoclonal or polyclonal antibodies, mainly depends on the intended 
application. For instance, the production of Pabs is carried out in a relative short time (4-8 weeks) 
and requires low technology, whereas Mabs production is obtained after months using high 
technology.[20]  Pabs offer higher affinity and lower specificity than Mabs. This is due to the fact 
that the polyclonal antibodies can recognize multiple independent epitopes on any antigen, while 
Mabs can recognize only one epitope on an antigen.  Hence, Pabs will be suitable when the proteins 
are immobilized on the array and the antibodies are used as a probe molecule with a linked 
fluorophore or an enzyme, increasing the possibility to recognize the desired analytes. However, 
this can lead to a high background staining due to the non-specific interactions. Therefore, no 
protein quantification is possible but a relative quantification of abundance between samples is 
possible. When, Pabs are used as capture molecules and a mixture of labeled proteins are added to 
the array, a high cross-reactivity is obtained. To reduce it, a pre-purification of the analyte sample 
can be carried out, but is not really suitable. The Pabs are also suitable when the protein could have 
suffered some conformational changes in its structure (e.g. slight denaturation). Mabs are limited 
when the protein conformation changes, but can be useful to evaluate such a change. They are more 
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adapted for the sandwich detection approach in which two antibodies (one immobilized onto the 
surface and one as a probe molecule) are used concurrently.[21] The main differences between 
monoclonal and polyclonal antibodies are summarized in the following Table 1.  
 
  
MONOCLONAL ANTIBODY 
 
POLYCLONAL ANTIBODY 
 
 
        Production 
Expensive and long  production 
by conventional techniques 
Less expensive and more rapidly 
production 
 High technology required Technology required is low 
 Can produce large amounts of 
specific antibodies 
Produce large amount of non 
specific antibodies 
Characteristics High specificity High affinity 
Recognition Recognize one epitope from one 
antigen 
Recognize multiple epitopes on 
any antigen 
Table 1. Main differences between monoclonal and polyclonal antibodies.  
 
Another strategy to immobilize proteins involves the fusion of the protein of interest and a 
capture protein such as glutathione-S-transferase (GST) tag that reacts to form covalent linking with 
the modified surface.[16, 22] This approach is used to study protein-protein interaction. In addition, 
the protein of interest can be fused with high affinity tags such as oligohistidine tag. Fusion of site-
specific peptide reactive moiety to native proteins is obtained with high selectivity by genetic 
recombination at a defined terminal position.[19] Then, it is linked via this tag to a complementary 
group previously grafted onto the surface (see Figure 4c). Therefore, it is highly favorable for 
molecule immobilization, preserving the native protein conformation and its biological activity 
while the attached proteins may be homogeneously oriented. The advantage of the latter method 
over others is that the affinity tag is a small peptide, thus possibly causing minimal effect to the 
target protein. However, the binding between the groups at the surface and the tag is reversible. 
This fact can be considered as a drawback when several analyses are done due to the loss of 
reproducibility or an advantage owing to the recyclability of the surface device for repeated use.  
Biotinylated surfaces are widespread as immobilization supports for several surface 
applications. This method is based on the specific biomolecular interaction between biotin and 
                                                                                                                                                     Introduction 15 
 
15 
 
streptavidin. They have high affinity (KA= 1015 M-1 ),[23] forming a very strong and stable complex 
(almost irreversible). Streptavidin has four identical monomer subunits each of which binds one 
biotin molecule. Usually, taking advantage of the stoichiometry of the complex, a sandwich 
approach is used, in which streptavidin is deposited on the biotinylated surface in a first step. Then, 
the free sites on streptavidin are used to capture botinylated proteins (see Figure 7). 
 
 
 
Figure 7. Immobilization through biotin/streptavidin interaction. (a) Structure of tetrameric streptavidin (ribbon model) 
with four biotin molecules (space-filling model). (b) Structure of biotin. (c) Immobilization of a biotinylated protein in a 
sandwich format.[24] 
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I. 2. 5. Summary 
Table 2 summarizes the main characteristics of each immobilization technique. As described 
above, the choice of the procedure depends on the nature of the biological element, transducer type, 
physico-chemical properties of the analyte and the working conditions of the biosensor. 
 
Immobilization 
technique 
Description Interface 
(examples) 
Advantages Disadvantages 
Adsorption Attachment of 
receptor by ionic 
interactions, H 
bonding and Van 
der Waals forces 
Gold  
Glass 
Silicon 
Simple. 
Low cost. 
Regenerable Matrix. 
No protein 
modification. 
High protein binding 
Non-specific 
adsorption. 
Weak attachment : 
Protein removal by 
extern conditions 
High background 
Diffusion 
(Entrapment) 
 
Physical retention 
of the receptor  
inside the matrix 
cavities 
Hydrogels 
Nitrocellulose 
Poly-lysine 
 
Low cost. 
Mild conditions. 
No protein 
modification. 
High protein binding. 
No regenerable. 
High background. 
Covalent Covalent bonding 
of the receptor 
with chemical 
groups in the 
matrix or directly 
on the transducer 
Chemical 
active surface: 
Aldehyde 
Epoxy 
Active ester 
 
Stable. 
High density and strong 
protein attachment. 
 
Random orientation 
Protein modification. 
Complexity. 
Moderate cost. 
Not regenerable. 
 
Affinity Biomolecular 
specific 
interaction 
Biotin 
Fusion proteins 
Antibody 
Oriented proteins. 
Low background. 
Strong, specific and 
high density protein 
attachment. 
Protein modification. 
Expensive. 
Table 2. Advantages and disadvantages of the most common immobilization techniques 
in the fabrication of biosensors.[10, 24, 25] 
 
I. 3. Transducer 
The transducer system is the element that converts into an electrical signal the physical or 
chemical changes resulting from the interaction between the recognition element and the analyte of 
interest. The signal generated by the transducer in some cases cannot be interpreted directly and it is 
necessary to use a software to process it. There are several types of transducers: electrochemical, 
optical, piezoelectric, acoustic and less common thermal transducers. In this section, we will focus 
on the main transducers used nowadays. 
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I. 3. 1. Electrochemical Transducer 
This type of transducers transforms the electrochemical signal produced by the interaction 
between the bioreceptor and the analyte in an electrical current. It provides specific quantitative 
information. The bioreceptor and the transducer element should be in intimate contact.  
There are three main different types of electrochemical biosensors: potentiometric, 
conductimetric and amperometric. It is generally used with biocatalytic recognition events such as 
enzymatic reactions generating electroactive substances, leading to changes in pH or potential.  
Potentiometric biosensors are system that measures the change in potential generated by 
ions or chemical and immunoreactions at electrodes. The major advantage of these biosensors lies 
in the employment of inexpensive equipment and they offer fast/readily response. These devices are 
highly developed for urea detection (main end-product of protein metabolism). In addition, their use 
for biomedical analysis (e.g. protein detection) has been investigated. However, other techniques 
seem to be more promising for this purpose. (for further information the reader is addressed to 
ref.[26])  
Conductimetric devices measure the changes in the conductance of the biological matter 
occuring between a pair of metal electrodes (such as silver, gold or platinum). One example of 
conductimetric biosensor based on electrochemical immunoassay was presented by Alocilja et al.[27] 
They developed a biosensor to detect foodborne pathogens such as Escherichia coli O157:H7 and 
Salmonella spp., using a sandwich assay.  The authors reported that this biosensors showed high 
selectivity and suitable for yes/no (qualitative) detection. 
Amperometric biosensors are related to the current produced during redox processes usually 
at constant applied potential. Since most proteins cannot intrinsically act as a redox partner in 
electrochemical reactions molecules such as enzymes (horseradish peroxidase HRP or alkaline 
phosphatase ALP) are used to label the probe molecules. In 2008, Rao et al.[28] developed an 
amperometric biosensor to detect Plasmodium falciparum histidine-rich protein 2 (PfHRP-2) in the 
serum of humans with P. falciparum malaria via a sandwich enzyme-linked immunosorbent. They 
used screen-printed electrodes (SPEs), modified with gold nanoparticles and nanotubes. Rabbit anti-
PfHRP-2 antibodies were first immobilized onto modified SPEs and bovine serum albumin (BSA) 
was then introduced to reduce non-specific interactions. Afterwards, serum sample was added, 
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followed by rabbit anti-PfHRP-2 antibody and rabbit anti-mouse IgG-ALP congujate. The detection 
limit was evaluated at 8 ng/ml.  
 
 
Figure 8. Schematic illustration of the preparation of a modified SPE and steps involved in immunosensor detection. 
Red diamonds represent PfHRP-2 antigen. BSA, bovine serum albumin.[28] 
 
I. 3. 2. Optical Transducer 
The optical devices are related to the measurement of changes occurring in the properties of 
light when an interaction between the analyte of interest and the bioreceptor takes place. It can be 
fluorescence, luminescence, scattering or refractive index changes when light is reflected on the 
surfaces of recognition. The basic measurement system consists of a light source, the sensing 
element and the detector. Two different methods exist: direct detection in a label-free approach or 
indirect detection, where it is necessary to tag the molecules. Transducers with optical properties 
widely vary depending on the properties, including optical fiber sensors, surface plasmon resonance 
(SPR) and evanescent wave sensors. They show several advantages over electrochemical 
biosensors. For instance, they can be easily miniaturized such as optical fibers which can be used 
for in vivo measurements. The signal does not interfere with the presence of ions, or magnetic or 
electrical fields. The analyte is not consumed during optical measurements. Moreover, they are 
highly sensitive and more than one analyte can be detected simultaneously. SPR has recently been 
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used as the basis for the optical signal transduction in biosensor development. A brief description of 
this signal-transduction mechanism will be discussed. 
SPR transducer is constituted by a glass slide support coated with a thin metal film as an 
interface element (e.g. gold or silver) (see Figure 9). The bioreceptor is immobilized on the surface 
and the target solution is introduced in a cell.[29] The binding event between the bioreceptor and the 
analyte is measured by changes in the refractive index of the sensor layer. A wide range of systems 
can be analyzed, such as cells or small molecules. Nowadays, among several systems available for 
biomolecular interactions, SPR-based biosensing developed by BiacoreTM is one of the widely used 
real-time monitoring systems commercially available and it is compatible with a wide range of 
species.[30] The main advantages of this technique are the non-invasive optical measurements and 
real-time detection. It involves the possibility to study the interaction kinetics and moreover, 
enables the determination of the concentration of the bound analyte.  
 
 
Figure 9. a) Basic SPR biosensor components. A glass slide coated with a gold thin film is located on a prism. The 
incident light passes through the prism and the slide. The light reflected by the surface plasmon is detected. A flow cell 
allows solutions above the gold surface to be changed rapidly. Changes in reflectivity versus angle give a signal that is 
proportional to the concentration of analyte that interacts with the bioreceptor. b) Typical binding cycle observed with 
an SPR biosensor, showing the optical response versus time. A molecule is immobilized on the sensor surface with 
appropriate coupling chemistry. Then, a solution of analyte in the running buffer is passed over the receptor. As the 
analyte binds to the surface, the refractive index of the medium adjacent to the sensor surface increases, which leads to 
an increase in the resonance signal.  The response level at equilibrium is related to the concentration of active analyte in 
the sample. Finally, the analyte solution is replaced by buffer, and the receptor–analyte complex is allowed to 
dissociate.[29] 
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 Some examples of protein detected using SPR sensor with MIP as bioreceptor enclose 
lysozyme[31] and Hepatitis B surface antibody (HBsAb) systems.[32]  The latter is a biomarker for 
hepatitis B virus infection (HBV). Despite the limited number of patient serum samples used, a 
good relationship was observed between this system and a commercially available immunoassay 
kit. 
 
I. 3. 3. Piezoelectric Transduction 
Piezoelectric transducer systems directly measure mass changes induced by the interaction 
of the analyte with the bioreceptor at the surface (e.g. antigen-antibody complex formation). There 
are two main piezoelectric transducers, so-called quartz crystal microbalance (QCM), in which the 
resonance takes place throughout most of the crystal or surface acoustic wave in which the 
resonance occurs only at the surface of the crystal. However, QCM will be only discussed hereafter.   
The transducer in quartz crystal microbalance (QCM) is a thin film of quartz, sandwiched 
between a pair of electrodes usually made of gold. The piezoelectric crystal oscillates at different 
frequencies by applying an external electric field. The mass of the crystal will increase when the 
interaction occurs while the resonance frequency of oscillation will decrease proportionally. This 
technique is widely used with MIPs as bioreceptor for protein detection displaying high sensitivity 
and selectivity. For instance, the detection of native trypsin showing a detection limit of 100 ng ml-1 
has been reported. Moreover, the technique allowed distinguishing denatured trypsin from the 
native form (see Figure 10).[33]  Examples among others of protein analytes detected using QCM 
coated with MIP bioreceptor include albumin in clinical samples[34] latex allergen protein (Hev 
b1)[35] with a detection limit of 1µg L-1. β-lactoglobulin protein conformation was also studied by 
this technique allowing detecting between distinct conformations of the same protein.[36] 
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Figure 10. QCM differential response of a 10 MHz QCM coated with imprinted polymer using trypsin solution. (a) 
Denatured and (b) Native trypsin at 100 µg ml-1 in phosphate buffer at pH 5 and a flow rate of 250 µl min-1 (25 ºC).[33] 
 
I. 3. 4. Summary 
In order to enclose the differences of each transducer, Table 3 displays its main advantages 
and disadvantages. As we have mentioned above, the sensitivity of the final biosensor will depend 
on the intrinsic properties of the transducer, the surface modification technique as well as the 
chosen recognition receptor element. From a general point of view, optical biosensors seem to offer 
higher sensitivity than electrochemical ones. Moreover, the employment of optical biosensors 
avoids the labelling step, and thus reducing (in this aspect) the cost of the material to use. 
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Transducer Advantages Disadvantages 
Potentiometric 
(electrochemical mechanism) 
Easy proceeding  
Small size  
 
Lower sensitivity than amperometric 
Detection limits 10-8M-10-11M. 
Non specific interaction with other 
ions from the sample 
Samples with large amounts of 
analyte are required 
Reference electrode is necessary 
Electrode fouling 
Amperometric 
(electrochemical mechanism) 
Small and robust 
Simplicity 
Sensitivity  
Detection limit 10-10M 
Fast  
Analyte previously labeleda 
Reference electrode is necessary 
Electrode fouling 
 
 
SPR 
(optical mechanism) 
Easy to use 
Small sensor area (e.g. 5x10-3 
mm2) 
High sensitivity (10-17 mol) 
Label free detection of the 
analyte in real-time 
Analyte sample can be used 
without previous purification 
High cost 
Temperature sensitivityb  
Low sample volume used (Pre-
enrichment step) 
QCM 
(piezoelectric mechanism) 
Easy to use 
Low cost technology 
Label free detection of the 
analyte in real-time  
 
Good sensitivity (10-14 mol) 
 
 
Low selectivity  
Incubation time relatively long  
Several steps of washing and drying 
are required 
Difficulties in crystal surface 
regeneration 
Larger sensor than SPR 
(e.g. 5 mm2) 
Crystal calibration is necessary  
Interference produced in liquid 
medium 
Table 3. Main advantages and disadvantages of the most commonly used transducers.[37-39]  
a
- In the case where the analyte is not electroactive such as most proteins.b- Depending on the application can be a 
disadvantage or not. 
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I. 4. Miniaturization 
The miniaturization of biosensors and the ability to simultaneously analyze multiple samples 
is the driving force in today's sensor research. However, the fabrication of devices at such a small 
scale is non-trivial due to requirements such as strict arrangement of the recognition element. 
Since the development application of photolithography for DNA chip fabrication (see Figure 
11) by Fodor et al.[40], technologies such as microfabrication processes, nanotechnology and 
microelectronics and microfluidic devices have evolved for the production of micro and nano scale 
biosensors. Different techniques can be used for patterning proteins in arrays depending on the 
sensor. In the case of immobilizing the bioreceptor element such as proteins directly onto the 
transducer, photolithography cannot be employed because the protein can be denaturized. 
Therefore, techniques such as microcontact printing,[41] dip-pen nanolithography,[42] or ink-jet 
printing are more suitable for protein deposition. In the case of using MIP as a bioreceptor element 
or polymers as an interface of the bioreceptor, its nanostructuration can be carried out via 
nanolithography or soft- lithography. The patterning technique developed in this investigation 
belongs to the nanopatterning of MIP; therefore, we will not give details of direct deposition 
techniques. The techniques related to polymers nanostructuration will be further described in 
Chapter II.   
 
 
Figure 11. a) Light directed oligonucleotide synthesis. Initially, a solid support is derivatized with a covalent linker 
molecule terminated with a photosensitive group. Light is directed through a mask to deprotect and activate specific 
sites. It is then possible to proceed to the grafting of a first nucleotide. The process is repeated until the complete 
synthesis of DNA probes. Sets of masks used at each level define the sequences synthesized on each image point of the 
chip and (b) schematic representation of the lamp, mask and array.[43] 
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I. 5. Conclusions 
The requirements for biosensor fabrication will depend on the nature of the recognition 
element, the transducer and the interface between them. Particularly, it will depend on the final 
application. Hence, the development of the devices can be addressed to achieve fast response time, 
or a device with high selectivity and sensitivity. In other cases, the reproducibility of the results will 
be achieved if the surface device can be regenerated without fouling molecules. Albeit the research 
is making large advances in the technology of biosensors, the study of new elements of molecules 
recognition that mimic biological systems exhibit a greater stability is needed. Moreover, advances 
in immobilization procedures should be also investigated in order to minimize or avoid the 
distortion or any modification of the recognition element during such process. To summarize, in the 
development of new biosensors, several parameters must be followed: 
- Easier production in large numbers.  
- Miniaturization of the devices to a micro and nanometer scale.  
- Design of reusable biosensor. 
- Multiple analytes detection. 
- Easy use. 
- Fast response. 
 
II. Motivation 
Based in this overview, my thesis focused on the design and development of a biochip 
prepared via synthetic methods, capable of selectively recognizing proteins, using the molecularly 
imprinted polymer technique. The aim is to set up robust and cheap materials as a biorecognition 
element that will bypass the use of antibodies. Such systems should allow the selective recognition 
and the titration of proteins that will be therefore applicable to medical diagnosis. The MIP will be 
nanostructured so as to be coupled with the diffracting label-free detection system as a transducer 
allowing the quantification of the recognition event between the MIP and the protein (see Figure 
12). Compared to existing methods, this new biochip will be cheaper by using conventional micro-
system technologies and polymers. In addition, the diffraction device is cheaper than the other 
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transducers owing to instrumental simplicity and the absence of labeling steps by measuring the 
intensity of a diffracted beam instead of a fluorescence signal. The latter fact makes the used 
cheaper biomolecules.   
 
 
Figure 12. General illustration of the project 
 
One of the first limitations on protein imprinted polymers consists in the accessibility of the 
protein to the imprinted cavities. For instance, due to the size of the proteins, when imprinting is 
made in bulk (3D-imprinting), this accessibility is highly reduced. Therefore, we will adopt a 2D-
imprinting approach in which the imprinting is located at the surface. The main obstacle when 
attaching the protein on the surface is related to the preservation of its conformational integrity. 
Therefore, MIP should be synthesized in conditions close to the natural environment of proteins in 
order to reduce their deformation, because any conformational change can mismatch both the 
imprinting process and the recognition event. Based on these facts, we chose to synthesize 
imprinted hydrogels which seemed to be the most suitable biocompatible candidates to avoid 
protein denaturation. They are based on methacrylic monomers, including functionalized monomers 
bearing saccharidic moieties, or other kinds of neutral, anionic or cationic groups. These monomers 
should provide specific interactions depending on the medium used. Moreover, the saccharidic 
moieties will provide high density of structured hydrogen bonds which will interact with the 
protein. The synthesis of the material will be carried out in mild conditions (room temperature and 
using buffer solution at pH= 7.4) with a maximum processing time of around 15 minutes. These 
conditions are very attractive for process scale-up in industrial applications. In order to control the 
26 Introduction 
 
26 
 
possible penetration of the protein, adjustment of the pore size on MIP hydrogel is therefore an 
essential parameter. Based on the ultimate objective of this project which involves the detection of 
the recognition event of MIP for the protein via optical techniques, two other specifications have to 
be followed. The final material must be transparent and, since MIP has to be nanostructured for 
detection by diffraction, the material has to be attached on the surface.  
Therefore, my work has been arranged in order to fulfill these specifications. The first 
chapter of this manuscript will describe the synthesis details of the new methacrylate hydrogels and 
their characterization. 
The second chapter is devoted to structuring the hydrogel in nanopatterns. It will focus on 
setting up the conditions necessary to successfully nanopattern the hydrogel, such as mold choice 
and patterning technique. The patterned hydrogel surface will be analyzed and monitored with time 
by AFM spectroscopy.  
The third and final chapter includes the first results of protein imprinted hydrogels obtained 
via optical techniques, i.e. fluorescence and light diffraction techniques.  
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Le sujet présenté dans ce manuscrit est un exemple typique de la multidisciplinarité des 
nanosciences, entre la chimie, la biologie et la physique. En effet, notre objectif principal était la 
fabrication d'un dispositif de détection précoce des biomarqueurs du cancer sans avoir besoin de 
marquage. Actuellement, les outils de diagnostic dans le cas du cancer consistent, en particulier, 
dans le suivi de certaines protéines dysfonctionnelles qui sont des biomarqueurs de l'état 
pathologique. Ces biomarqueurs sont identifiés et quantifiés par des méthodes reposant sur la 
reconnaissance par leurs anticorps respectifs (c.-à-d. immunohistochimie). Toutefois, pour la 
production d'anticorps spécifiques d'une protéine donnée, il faut de nombreuses étapes 
biotechnologiques longues et coûteuses. En outre, la détection de la complexation anticorps-
protéine exige également une étape complexe pour le marquage des anticorps avec un "tag" 
permettant sa détection par un équipement approprié. Par conséquent, le projet ONCOMATE 
("Olfactory" Nano-detection of Cancer Obtained from Machine Learning Technology) est né de 
l'initiative de quatre laboratoires et une entreprise locale: le LAAS (Laboratoire d'Analyse et 
d'Architecture des Systèmes, groupes LAAS-NBS et LAAS-DISCO), la plate-forme Biopuces de la  
Génopole de Toulouse (CNRS-INRA-INSA), l’Institut Claudius Regaud (ICR-INSERM), le 
laboratoire des IMRCP (Laboratoire des Interactions Moléculaires et Réactivité Chimique et 
Photochimique) et la société Innopsys. Ce travail est basé sur une approche novatrice et 
interdisciplinaire pour développer et améliorer la détection de biomarqueurs protéiques par la 
combinaison de trois technologies principales: la technique des polymères à empreinte moléculaire 
(MIP), la détection sans marquage basée sur la diffraction de la lumière par des structures 
nanométriques et l'utilisation de méthodes d'apprentissage informatique pour le traitement des bases 
de données cancéreuses issues de patients. La détection et la quantification des biomarqueurs sont le 
pivot de cette thèse. 
Mon travail est ainsi basé sur la conception et le développement d'une biopuce préparée par 
des procédés synthétiques, capable de reconnaître sélectivement les protéines, en utilisant la 
technique des polymères à empreinte moléculaire (MIP). L'objectif est de mettre en place des 
matériaux robustes et d’un coût réduit comme élément de bioreconnaissance qui contournera 
l'utilisation d'anticorps. Ces systèmes devraient permettre la reconnaissance sélective et le dosage 
des protéines, ce qui les rendra donc applicables au diagnostic médical. Le MIP sera nanostructuré 
de façon à être couplé avec le système de détection par diffraction sans marquage permettant la 
quantification de l'événement de reconnaissance entre le MIP et la protéine (voir Figure 1). La 
détection est ici basée sur la variation de l’intensité du faisceau diffracté en fonction de la présence 
ou de l’absence de la molécule à détecter.   
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Figure 1. Illustration générale du projet. 
 
Par rapport aux méthodes existantes, cette nouvelle biopuce sera moins chère en utilisant des 
technologies intégrant des microsystèmes conventionnels et des polymères. En outre, le dispositif 
de diffraction sera moins cher que les autres capteurs du fait de la simplicité instrumentale et 
l'absence des étapes de marquage en mesurant l'intensité d'un faisceau diffracté au lieu d'un signal 
de fluorescence. Une des premières limitations en utilisant des polymères à empreinte de protéines 
consiste en la mise au point de ces empreintes. Ensuite, l'accessibilité de la protéine dans les cavités 
imprimées doit être étudiée. Il est possible de sélectionner soit une stratégie en "3D" ou en "2D". 
Lorsque l'empreinte est faite en volume ("empreinte en 3D"), le polymère développe des sites de 
reconnaissance tout autour de la protéine, mais cependant, du fait de la taille de la protéine par 
rapport à la taille des pores, l'accessibilité de la protéine dans les cavités imprimées est plus réduite. 
On peut également adopter une approche "empreinte en 2D" dans laquelle l'empreinte est située à la 
surface, stratégie qui a été sélectionnée ici. Dans ce cas, l'accessibilité est bonne, mais la surface 
d'adsorption est plus faible, ce qui suppose une technique de détection très sensible. Lors de la 
fixation de la protéine à la surface, sa conformation peut être modifiée du fait de l'interaction avec 
la surface. Ceci peut compromettre à la fois le processus d'impression et l'événement de 
reconnaissance. Pour éviter cela, et conserver au mieux l'intégrité de la protéine, on a cherché à 
synthétiser des MIPs dans des conditions proches de l'environnement naturel des protéines. Le 
polymère utilisé pour réaliser les empreintes sont des hydrogels basés sur des monomères 
méthacryliques, comprenant des monomères fonctionnalisés portant des groupements 
saccharidiques, d'autres types de groupes neutres hydroxylés, ainsi que des monomères anioniques 
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ou cationiques. Ces monomères devraient fournir des interactions spécifiques avec la protéine 
impliquant des liaisons hydrogènes très structurées, denses et directionnelles ainsi que des liaisons 
ioniques. La synthèse du matériau sera effectuée dans des conditions douces (température ambiante 
et en utilisant une solution tampon pH = 7,4) avec un temps maximum d’élaboration d'environ 15 
minutes. Ces conditions sont très attractives pour un éventuel passage à une application industrielle. 
Afin de contrôler la pénétration éventuelle de la protéine, l'ajustement de la taille des pores sur 
l’hydrogel MIP est également un paramètre essentiel. Sur la base de l'objectif ultime de ce projet 
qui implique la détection de l'événement de reconnaissance du MIP pour la protéine par des 
techniques optiques, deux autres spécifications doivent être respectées. Le matériau final doit être 
transparent et, étant donné que le MIP doit être nanostructuré pour la détection par la diffraction, le 
matériel doit être fixé sur une surface. 
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I. Molecular Imprinted Polymers -State of the Art 
I. 1. History-General Introduction 
Biological processes such as antibody-antigen recognition, enzyme catalysis or DNA 
replication are essentially based on non-covalent specific interactions inducing molecular 
recognition. These reversible bindings can be hydrogen bonds, electrostatic or hydrophobic 
interactions. Even if these interactions are considered as weak bonds, their multiplication in those 
systems can finally lead to a strong link with high stability. 
Inspired by the rich information and the smartness of biological systems, scientists have 
focused on understanding and mimicking the nature phenomena of molecular recognition over a 
long period. The molecular recognition had been already described in 1894 when Emil Fisher 
proposed the lock–key model based on the enzyme-substrate complex.[1] This model describes how 
enzymes possess specific active sites in which a substrate fits. The model was improved by 
Koshland,[2] who considered that once the first interaction takes place, the shape of the active sites 
of enzymes becomes complementary to the substrate and involves cooperative effects. This 
phenomenon is called “the induced fit”. 
The direct technique able to produce synthetic materials with specific recognition capability 
is called molecular imprinting. This has been studied for few decades. The first example of 
molecular imprinting with synthetic organic polymers was presented by Wulff and Sarhan.[3] They 
described the synthesis of enzyme mimics by reversible covalent bonds. Following the work of 
Wulff, scientists such as Shea K.J., and Mosbach K., have greatly contributed to the knowledge on 
this research field. The latter has introduced the molecularly imprinted polymers (abbreviated MIP 
in the following) based on non covalent interactions.[4]  
 The principle of this technique lies in three main steps (see Figure 1). The first step consists 
in a pre-organization phase, where the template molecule is complexed to monomers bearing 
functional groups. Subsequently, cross-linking monomers are then added, leading to a 
polymerization reaction allowing the fixation of the material around the template. In the third step, 
the template molecule is extracted by washing steps leading to a cavity presenting a shape, size and 
functionalities disposition complementary to the template. Thereby, in a later rebinding step, this 
material can specifically recognize the target molecule. Compared to enzymes or antibodies, MIPs 
are more robust and cheaper to produce. Moreover, they are very stable to temperature, pressure, 
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mechanical stress, solvents and chemical treatments. Conversely, under these conditions, most 
biological macromolecules tend to get denaturized, especially proteins. However, the affinity and 
the selectivity of the synthetic MIPs are far from what biological systems can provide. In the near 
future, the replacement of antibodies for protein recognition therefore relies on the challenge of 
obtaining materials with better selectivity. 
 
 
Figure 1. Scheme of the molecular imprinting (adapted from ref.[5]). 
 
The interactions between the monomers and the template can be covalent, semi-covalent or 
non-covalent. The covalent approach is based on reversible covalent bonds between the monomers 
and the template. These strong interactions favor the precision of the binding sites at a 
stoichiometric ratio with the template molecule, obtaining homogeneous binding sites and 
minimizing the existence of non-specific sites. However, the template-monomer entity can be too 
stable and sometimes the covalent bonds are not reversible under mild conditions. Moreover, the 
quantity of available functional monomers is limited because of the small number of easily 
reversible covalent bonds in chemistry. A possible alternative is to use a semi-covalent approach, 
where the template-monomer complex is formed by covalent bonding whereas the rebinding step is 
based on non-covalent interactions.[6] The non-covalent approach uses weak interactions e.g., 
hydrogen-bonding, ionic interactions, dipole-dipole interaction, hydrophobic interaction, etc., in the 
formation of the initial template-monomers complex before polymerization. Nowadays, the 
development of molecular imprinting technique by reversible non-covalent approach has 
considerably increased since the synthesis relies on few simple synthesis steps. A large number of 
commercial monomers compatible with this approach are available. However, the main drawback 
of this methodology is the equilibrium process governing the template–monomer interactions. 
Hence, in order to shift the equilibrium towards the template-monomer complex, a large excess of 
functionalized monomers is often needed. Consequently, additional binding sites will be present in 
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all the material. Even if these latter won’t be organized as those around the template, they will 
provide competitive non-specific binding sites.  
MIPs have been initially developed for recognition of small molecules such as amino acids, 
nucleotide bases, steroids, pesticides and drugs, mainly in organic solvents. In such conditions, 
there is a strong need for a large amount of crosslinking agent, usually around 80 to 90 mol%, to 
restrict distortion phenomena of the polymer backbone. This quantity is mandatory in order to 
obtain good recognition properties because the number of interacting sites between the template and 
the MIP is limited. Since the molecule is small, the interacting sites have to be precisely located in 
space. To achieve this, in regular MIPs, crosslinking is obtained through chemical bonds, which 
results in rigid networks. This leads to the desired recognition but limits template extraction and 
reinsertion, due to a poor accessibility. In order to overcome this problem, several solutions have 
been proposed in the literature, including the synthesis MIPs as beads and films of finely-tuned 
porosity[7],[8] or deposition of an MIP at the surface of already constituted membranes.[9] Concerning 
the amount of crosslinker, the situation is quite different when MIPs are built around large 
molecules such as proteins. In such cases, the recognition sites are multiple and it is important that 
the MIP may adapt around the flexible molecule. In these cases, it has been found that good results 
can be obtained with lower crosslinking ratios. Furthermore, a crucial point when imprinting 
proteins is to avoid their premature denaturation. Thus, compatible methods of synthesis have to be 
employed, avoiding too high temperatures and most organic solvents.  
One of the first and main applications of the MIP is in the field of separation techniques 
such as solid phase extraction (SPE).[10, 11] The stability of molecular imprinted materials broadens 
their potential applications from separation[10, 12] to sensing[13] and catalysis.[14]Also, a large variety 
of template molecules has been studied such as pharmaceuticals[15-18] and pesticides.[19, 20] If the 
chosen template is a protein or an antigen, the resulting molecular imprinted materials can be 
considered as artificial antibodies. In the case of “small” molecules, they have been considered as 
possible sensors. Thus, drugs like theophylline (bronchodilator) or diazepam (tranquillizer) have 
been quantified in human serum using molecular imprinted polymers with results comparable to 
those obtained by a well established immunoassay method.[21]  
The next section deals with molecularly imprinted polymers for protein recognition, 
presenting a critical overview of the present literature and highlighting the specific difficulties for 
developing such materials. 
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I. 2. MIP for Protein Recognition  
Building protein imprinted polymers brings new challenges due to the size of the template, 
its complexity, its conformational flexibility and its limited solubility. Molecular imprinting by non 
covalent interactions has been mainly synthesized in aprotic solvents with H-bonding as the main 
interaction between the template and the functional monomers. However, most natural recognition 
events such as antigen-antibody binding occur in aqueous media. Therefore, to mimic these 
recognitions events as much as possible, artificial receptors should be created in aqueous media. A 
problem arises from the fact that water molecules interfere with the hydrogen bonding interaction 
between the monomers and the template, destabilizing the pre-complex formation. Despite this 
drawback, different possibilities can be applied to overcome it. For instance, introduction of 
monomers with other possible interactions (i.e. electrostatic or hydrophobic interaction) can 
facilitate the recognition process. Moreover, for large molecules such as proteins, the multiplication 
of interactions depending on the various amino acid units at their surface should strengthen the 
complex formation. In this case, in addition to strong and directional interactions, adaptive 
numerous ones should be present. 
Harsh conditions i.e. high temperature or high/ low pH values should be avoided, due to the 
sensitivity of proteins, which can be easily affected by changes in the environment. Proteins are 
well known to change their shape and adapt to the interacting moiety. In the case of MIPs, the same 
phenomenon should happen in which both MIP and the protein should adjust to each other. Special 
care must be taken in selecting the imprinting protocol. Another challenge comes from the size of 
the template. In the case of regular MIPs, the template molecule is small compared to the pores of 
the MIP, enabling its diffusion inside the highly cross-linked polymer matrix. For molecules as 
large as proteins, this is not true anymore and the size of the pores has to be adapted to allow the 
diffusion of the protein or the process has to lead to a surface recognition. In addition, one of the 
major problems is the non-specific interaction that can exist between the various amino acid units at 
their surface and the polymer. In addition, these units can be susceptible to react with the free 
radicals from the polymerization reaction and this can lead to the formation of covalent bonds 
between the protein and the polymer. This situation is detrimental for MIP use, since these 
corresponding binding sites are definitely lost. 
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I. 2. 1. Recent Accomplishments 
Table 1 presents some of the recent published studies. They are arranged according to the 
crosslinker ratio and they are presented here in order to highlight some crucial parameters when 
dealing with protein MIPs. 
Protein  
(MW, pI) 
Monomers Crosslinker 
( mol %) 
Initiation Use Ref. 
Horseradish 
peroxidase 
Microperoxidase 
Hemoglobin A0 
Lactoperoxidase 
 
 
Aminophenylboronic  
acid 
-  
 
Redox 
 
Modification of 
microtiter plates 
IF between 3 and 10 
 
 
 
[22]
 
 
Papain 
 
Aminophenylboronic  
acid 
-  
Redox 
Grafting onto PS 
microbeads 
IF≈1.6 
 
[23]
 
BSA 
IgG 
Fibrinogen  
 
Hexafluoropropylene 
disaccharides 
- Radio-
frequency 
glow 
discharge 
Nanostructured 
surface 
 
[24]
 
 
Bovine 
hemoglobin 
 
 
Dopamine 
-  
Redox 
Synthesis of 
superparamagnetic 
nanoMIPs 
 
[25]
 
BSA  tBuAm, AAm,  
maleic acid 
 
MBAAm 
(1.8) 
Redox Responsive MIP 
IF≈6 
[26]
 
Melittin 
 
NIPAM/AAm/ 
AA/tBuAm 
 
MBAAm 
(2.0) 
Redox Formation of MIP 
nanoparticles 
[27]
, 
[28]
 
α-fetoprotein AAm/vinylConA 
Vinyl antiAFP/ 
AAm 
MBAAm 
(≈2.0) 
Redox Responsive 
biomolecular MIP 
[29]
 
Lysozyme  
Cytochrome C  
AAm , AA  
Me2N  
ethylmethacrylate  
MBAAm (3.0) Redox Interaction studies 
IF~2 
 
[30]
 
Hemoglobin tBuAm, AAm, 
 itaconic acid 
 
MBAAm 
(3.0) 
Redox Effect of pH 
IF ≈4 
[31]
 
Bovine serum 
albumin   
NIPAm  
AAm  
Me2Npropylmethacryla
mide  
MBAAm  
(3.3) 
 
Redox 
Thermo- and salt-
sensitive MIP 
IF~2.5 
 
[32]
 
Bovine 
hemoglobin 
AAm 
Acrylamido 
methylpropanesulfonic 
acid 
MethacrylamidopropylN
Me3+ 
 
MBAAm 
(4.9) 
 
Redox 
Polyampholyte MIP 
IF max 13 
 
[33]
 
Bovine 
hemoglobin 
AAm 
Acrylamido 
methylpropanesulfonic 
acid 
or 
MethacrylamidopropylN
Me3+ 
 
MBAAm 
(4.9) 
 
Redox 
Effect of charge 
density 
washings 
IF max 15 
 
[34]
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Bovine 
hemoglobin  
FITC-albumin 
 
 
AAm  
MBAAm 
(5.0) 
 
Redox 
 
HydroMIPs 
 
[35]
 
[36]
 
Human 
hemoglobin 
Bovine 
hemoglobin 
 
AAm 
MBAAm 
(6.5) 
 
hʋ 
Label free detection 
Use of photonic 
suspension array 
 
[37]
 
[38]
 
Hemoglobin 
 
Methacryloyl-L-histidine 
methyl ester 
HEMA 
MBAAm 
(14.3) 
 
Redox 
Cryogel MIP for SPE 
IF max 38 
 
[39]
 
Carcinoembryonic 
antigen 
Poly(allylamine HCl)  
M=15 000 
Ethyleneglyco
l diglycidyl 
ether 
(15.0) 
 Cancer biomarker 
analysis 
IF≈5 
 
[40]
 
BSA 
 
AAm MBAAm 
(16.0) 
Redox MIP on carbon 
nanotubes 
[41]
 
Trypsin 
 
MA, Styr 
 
DVB 
(17.0) 
Thermal 
followed 
by hʋ 
Structuring of sensor 
materials 
 
[42]
 
BSA 
Egg albumin 
Lysozyme 
 
Saccharose 
MA 
EGDMA 
(18.0) 
 
hʋ 
MIP photonic crystal 
from sacrificial silica 
particles 
IF ≈ 6 
 
[43]
 
Myoglobin 
 
MMA, 4-VPyr 
 
TRIM 
(66.0) 
 
hʋ 
Surface bound 
nanofilaments 
IF≈9 
 
[44]
 
Lysozyme 
cristallized 
AA 
2-methacryloyl 
phosphorylcholine 
(MPC) 
PEG  
MBAAm 
(71.0) 
Redox Recognition of 
protein cristals 
IF~5 
 
[45]
 
 
Lysozyme 
 
AA 2-methacryloyl 
phosphorylcholine 
(MPC)  
 
MBAAm 
(71.0) 
 
Redox Surface plasmon 
resonance sensor 
" IF "~3 
 
[46]
 
 
RNase A 
 
 
MMA  
 
EGDMA 
(73.0) 
 
Redox 
Miniemulsion 
polymerization 
Study of protein 
denaturation 
3<IF<14  
 
[47]
 
Lysozyme  
Ribonuclease A  
Myoglobin  
Ovalbumin  
 
MA, HEMA 
Me2Nethylmethacrylate, 
Styr 
MMA, 4-VP 
EGDMA 
TEGDMA 
PEG400DMA 
PEG600DMA 
(>90) 
 
 
hʋ 
 
Selection of best 
monomers 
IF~3-16 
 
 
[48]
 
[49]
 
Table 1. Examples of MIPs synthesized for protein recognition. 
IF imprinting factor, PS polystyrene, tBuAm tert-butyl acrylamide, AAm acrylamide, NIPAM N-isopropyl acrylamide, 
AA acrylic acid, HEMA 2-hydroxyethyl methacrylate, MA methacrylic acid, Styr styrene, MMA methyl methacrylate, 
4-VP 4-vinyl pyridine, PEG poly(ethylene glycol). IF is defined as the ratio between interaction values in MIP and NIP 
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I. 2. 1. 1. Process Choice 
Because of the size and the complexity of the proteins, different strategies have been 
implemented in the synthesis on development of MIPs, such as the epitope approach, in order to 
cope with this particularity.[50, 51] In this case, the methodology consists in building the MIP around 
a small peptide sequence which is as specific as possible of the aimed-at protein (see Figure 2). This 
enables functional monomers to be best spatially organized in the MIP and the synthesis may be 
simpler. The strategy is close to that for small molecules. However, this process can be very 
limiting, because other proteins may have the same sequence and also because the whole protein 
might not be able to reach the recognition site which is much smaller.  
 
 
Figure 2. Epitope strategy for imprinted polymers (ref [52]). C-terminus nonapeptide epitope is attached to the activated 
surface. Monomer mixture (acrylamide/bis acrylamide) and crosslinker agent (PEG 200 Diacrylate) in buffer solution 
was polymerized by UV irradiation onto surface. Subsequently to polymerization the surface was removed leaving a 
cavity-bound target peptide. 
 
In order to increase the chance to detect the MIP-template binding, an increase of the surface 
of the MIP is needed. One of the commonly used processes for conventional MIPs is grounding and 
sieving the material after synthesis (Figure 3a).[30, 33-36] However, for protein MIPs, this often has to 
be a wet sieving process to avoid possible denaturation of the protein. Furthermore, grounding the 
material leads to very irregular particles, which is not always compatible with the intended 
application. 
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Figure 3. Schematic representation of processes used in protein MIP syntheses. a) 3D MIP, b) 2D MIPs on surface and 
c) surface recognition through sacrificial support. 
 
A second process is the surface imprinting technique which consists in first adsorbing the 
protein onto a plane solid surface such as glass, and then synthesizing the MIP over it and peeling 
off the whole assembly (see Figure 3b).[22, 24, 48, 49] In fact, the research for sensors production is 
often based on this methodology.[46] Good accessibility to the imprinted sites is obtained on MIPs 
synthesized by this strategy. However, surface imprinting has three other shortcomings. First, the 
question has to be raised whether depositing the protein on a solid surface may lead to denaturation. 
Another controversial question is whether the synthesis with a denatured protein is detrimental in 
MIP for the recognition step. Indeed, depending on each application and each protein studied, the 
protein in the rebinding experiments might be able to adapt to these sites and be recognized by the 
MIP. In addition, a fewer number of recognition sites are created, thus difficulties to detect the 
small number of adsorbed proteins are expected. Therefore, a very sensitive method of detection is 
necessary. These questions are almost always overlooked in the literature and it is still not clear. In 
the present work, we decided to focus on the surface printing approach and will therefore describe 
some of the most recent developments in this field.  
In a still unequaled study, Ratner et al. proposed the use of mica (atomically flat) as the solid 
surface, first to minimize possible denaturation of the protein and secondly to be sure that the 
observed surface topography exactly reflects that of the template molecules (see Figure 4).[24] 
Dickert also adopted this strategy by first prepolymerizing the monomers, depositing the protein 
over them, and finishing the crosslinking.[42]. To increase the number of sites at the surface, some 
authors have proposed the use of already existing solid templates, which also increases the 
mechanical properties of the MIP. Thus, supports such as cellulose membranes[45] or polystyrene 
beads[23] have been examined. Magnetic nanospheres[25] or carbon nanotubes [41] have also been 
assessed. They present the advantage of an easy recovery of the MIP associated to a good 
dispersion. 
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Figure 4. Protein imprinting polymers on mica surface protocol.[24] The authors spread the protein over a mica surface 
and it was then coated with disaccharide molecules. Subsequently, a polymeric thin film (C3F6) was applied by radio-
frequency glow-discharge plasma deposition. Afterwards, a last layer of epoxy resin was fixed and mica surface was 
removed. The protein was then extracted with a solution leaving a cavity with a shape complementary to the protein. 
 
In a third process, a porous sacrificial solid such as silica or alumina is used. The protein is 
deposited into the pores before the monomer solution is poured (Figure 3c). After polymerization 
and destruction of the sacrificial solid, this leads to MIPs having a large external surface, with the 
protein recognition sites at their surface. Following this elegant strategy, Haupt used porous 
alumina to obtain nanofilaments of MIPs grafted onto a glass slide.[44] Two Chinese teams have 
presented the use of colloidal silica crystals to develop label-free chemical sensors.[37, 38, 43] After 
destroying the silica template, the MIP has the negative organization compared to silica, the 
consequence of which being that it exhibits different wavelength absorptions depending on the 
quantity of molecules readsorbed into the MIP. Therefore, readsorbing the protein template leads to 
a wavelength shift which is easily detected (see Figure 5). 
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Figure 5. MIP performed by using silica nanoparticles as sacrificial solid, a) schematic illustration of 3D MIP synthesis 
(ref.[43]), b) 3D image of four kinds of silica colloidal crystal beads (ref.[37]) and c) Reflection spectra (left) and bright 
field microscopic images (right) of three kinds of MIPBs after reincubation step. The imprinting was made with 3 
different proteins (ref.[38]). 
 
Finally, a special attention should be given to a new example developed by Shea and co-
workers. They succeeded in synthesizing MIPs in the shape of 30-40 nm nanoparticles in the 
presence of a peptide, melittin, which is the main component of bee venom. By adopting this 
process, they were able to intravenously inject the MIPs which acted as an antidote in melittin-
infected mice. This constitutes the first time where MIPs have been used in vivo. Biodistribution 
studies showed that following MIPs' injection, the nanoparticles were able to bind to melittin before 
being eliminated from the bloodstream by macrophages and led to the liver.[27, 28] 
 Due to the advantages of surface imprinting systems, we have chosen to carry out protein 
imprinting hydrogel via this approach. In chapter II we will explain in detail the development of this 
technique. 
 
I. 2. 1. 2. Synthesis Method 
 To obtain MIPs, radical polymerization is the most frequent method used, because very 
different monomers (many of them being commercially available) are compatible with this 
chemical process and can be reacted together. As already mentioned, in the case of a protein as 
template, very mild conditions should be sought. Thus, redox and photochemical initiations are 
mostly employed, since they enable polymerization at room temperature. Once again, a relevant 
question is whether a denaturation of the protein could occur during the process. Tong is the only 
author who partially examined the effect of polymerization on proteins. He showed by circular 
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dichroism that RNase A was denaturated after 24h of irradiation.[47] However, this time of 
irradiation is much longer than typical reaction times, which are closer to a few minutes  [37, 38] [44] or 
an hour.[43] Unfortunately, Tong did not check the effect of redox conditions on denaturation. 
Concerning the hydrogel MIP synthesis, there is a strong need for mobility inside the 
network; the crosslinker ratio should therefore be lower than in classic MIPs synthesis. Table 1 
shows that the situation is far from simple, since crosslinker quantities as low as 1.8 mol% have 
been used,[26] up to 90 mol%.[48, 49] Few examples without any crosslinker at all are illustrated; in 
this case, there are groups that can lead to 3D network and/or the final polymer exhibits a high glass 
transition. [22-25] A noteworthy exception is the study from Schrader who examined the possibility of 
protein recognition even with soluble polymers or uncrosslinked soft polymer chains grafted onto a 
solid surface.[53, 54] Contrary to the small molecules, there is no correlation between the crosslinker 
ratio and the imprinting factor IF. For all formulations used, this factor is typically between 2 and 
20. This means that each case should be examined and optimized independently.  
Another comment on the synthesis conditions is the quantity of solvent. Once again, this 
markedly varies between the different studies. Some do not use any solvent at all, [44, 48, 49] whereas 
others prefer quite diluted systems.[46] In a general manner, concentrations of monomers in the 0.5-
1M range are often used. Most teams used either aqueous or buffer solutions for the synthesis, but a 
few have presented the use of alcohols such as methanol[55] or ethanol.[43] The choice of solvent 
quantity strongly depends on the application, since it can bring porosity into the MIP. An interesting 
case was described by Denizli who synthesized the MIP as a cryogel. In this system, the monomer 
solution is partially frozen, which enables the polymerization to occur while the ice crystals act as a 
porogen.[39] 
Most of the studies presented above used very well known and abundant proteins (see Table 
2). This enables relatively high concentrations of the protein during the synthesis, typically between 
10 and 50 mg/ml.[46] These concentrations are considered aberrant when specific proteins are 
analyzed. Indeed, for unusual proteins, a concentration of 100 µg/ml is more adapted. Only a few 
teams have published on such conditions.[22] [40] [47, 48] Most of them correspond to the stiffest 
hydrogel MIPs with high crosslinker content or other polymers than acrylate types. Kofinas 
however described the use of a soft hydrogel for the determination of a cancer biomarker.[40] One of 
the lowest concentrations used (1.7 µg/ml) was the one in Shea's study on melittin.[27, 28] 
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Table 2. Characteristics of proteins and peptides used in the cited MIPs. 
  
Another important parameter in the synthesis is the nature of the monomers used. In most 
cases, hydrophilic ones are chosen for protein MIPs, the most frequent being (meth) acrylic acid 
and acrylamide.[31, 33, 35, 36] [37, 38, 43] [45] [48, 49] Other hydrophilic monomers which have been used are 
hydroxyethylmethacrylate, [39, 48, 49] acrylamido methylpropanesulfonic acid[33] or amine bearing 
acrylates or acrylamides. [30, 32, 48, 49] In his study on grafted polymers, Schrader used several types of 
either hydrophobic or hydrophilic monomers, such as methacryloyl glucosamide or 
cyclohexylmethyl methacrylamide bearing two phosphonate  groups that specifically bind to 
arginine residues, enabling selectivity in the final polymer.[53, 54]In some cases, specific monomers 
have been developed, such as 2-methacryloylphosphoryl choline (MPC)[45, 46] or methacryloyl-L-
histidine methyl ester (MAH).[39] MPC was designed to decrease non specific interactions and 
MAH to mimic possible interactions in proteins. Kofinas published an unusual MIP based on 
polyallylamine crosslinked in the presence of a diepoxide.[40] Only a few studies use hydrophobic 
monomers alone.[47] In these cases, the obtained MIP is stiff and the shape of the cavity plays an 
important role in the recognition process. In his study on mica, Ratner used two types of monomers, 
a very hydrophobic fluorinated one and a layer of disaccharides which become linked to the MIP 
during the polymerization process.[24] 
Protein Molecular weight 
(kDa) 
Isoelectric point 
Bovine hemoglobin 67 6.8 
Bovine Serum Albumin (BSA) 66  4.8 
Carcinoembryonic antigen 180 4.7 
Cytochrome C 12.3 10.2 
Egg albumin 36  4.7 
α-fetoprotein 70  4.7 
Fibrinogen 340  5.5 
Hemoglobin A0 66  7.2 
Horseradish peroxidase 40 7.5 
Human hemoglobin 65 7.2 
Immunoglobulin G (IgG) 150 6.4-9.0 
Lactoperoxidase 77.5 8.1 
Lysozyme 14.4 10.5-11.0 
Melittin 2.85 9.1 
Microperoxidase 1.9 4.7 
Myoglobin 16.9 7.0 
Papain 23 9.5 
RNase A 13.71 9.6 
Trypsin 23.3 9.3 
                                                                     Chapter I. MIP Hydrogels, Synthesis and Characterization 51 
 
51 
 
Since electrostatic interactions are strong in aqueous solutions, a special attention should be 
given to the isoelectric point of the template (Table 2). So, if the protein bears a net positive charge, 
monomers leading to a net negative charge at pH 7 should be favored[46] and vice versa.[32] 
Regarding this fact, Seanson et al.[56] have presented this year polyacrylamide based MIP hydrogels 
synthesized with maltose binding protein labeled with Cy3 (pI= 5.22) as a template. The 
polymerization was carried out in Tris buffer solution (pH=7) via redox polymerization. Based on 
the amino acids residues of protein surface, MIPs were synthesized with different functional 
monomers in order to find the optimum monomer composition to interact with the protein. Having 
the protein negatively charged in these conditions, one could have expected that the best result be 
obtained with a net positively charged MIP. However, it was found when using a solution mixture 
of positively and negatively charged functional monomers (same proportion) and two neutral ones 
(same proportion).  The imprinting factor was 3.3 for this MIP hydrogel. These results highlight 
that the pI value remains an important protein parameter but MIP selectivity will mainly depend on 
the amino acid charges dominating the surface of the protein. 
To conclude, protein MIP synthesis can be carried out through various smart methods. 
However, any technique needs to be performed with special attention due to the enormous amount 
of parameters interfering in the imprinting process. After design and preparation of the MIP, 
methods of detection have to be coupled to the system in order to detect the rebinding and the 
presence of the protein. Different strategies of detection have been implemented by the authors and 
will be described in Chapter III. 
 The next sections deal first with the synthesis of hydrogel via redox and UV polymerization 
which has been performed during this work and setting up all the reaction conditions. In addition, a 
complete characterization of the materials is presented, i.e kinetics of polymerization, mechanical 
properties of the hydrogel and network structure properties.  
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II. Synthesis  
In order to develop our envisaged MIP sensor, the following requirements had to be 
fulfilled. MIP synthesis had to be carried out in a temperature range  between 25ºC and 37ºC, using 
a buffer solution (PBS) with a pH value around 7.4, which corresponds to the physiologic pH in 
human body. The selected monomers had to exhibit functional groups able to develop interactions 
with the protein without leading to denaturation. In addition, the pore diameters in the MIP network 
should be adjustable to the protein size. The latter is a very important parameter, since the protein 
interaction and recognition had to be carried out on the surface of the MIP. Moreover, transparent 
films were essential to perform protein detection via optical techniques. Finally, a maximum 
polymerization time of 15 minutes was suitable for industrial applications. 
 
II. 1. Selection of the Chemical Polymerization System  
Hydrogels are insoluble, hydrophilic polymer materials that can absorb large amounts of 
water or biological fluids maintaining its structure without dissolving. The structure of such 
hydrogels can either be irreversible, when the crosslink consists of chemical bonds (chemical gels), 
or reversible, when the crosslinking is the result of relatively weaker interactions, such as hydrogen 
bonds (physical gels). The chemical gels are covalently-crosslinked networks obtained via direct 
copolymerization and crosslinking of the monomer mixture. The latter can consist of 
multifunctional monomers[57] or macromonomers such as polyethyleneglycol diacrylate.[58] Since 
the first example of crosslinked (2-hydroxyethyl) methacrylate (HEMA) hydrogel reported by 
Wichterle and Lim,[59] many others can be found in the literature. In the swollen state, they are very 
soft biocompatible materials and owing to this property, they find applications in wide domains, 
such as medicine (e.g. drug delivery or tissue engineering),[60] microfluidics or electronics.[61]  
Hydrogels are thought to be worthy biocompatible materials and therefore perfect candidates 
for the successful imprinting of proteins. This is mainly due to the fact that the monomer and 
protein templates are soluble in aqueous solutions, in turn minimizing any possible protein 
denaturation. In addition, the resulting flexible structure of the hydrogel MIP may adapt to the 
protein shape. Contrary to the limitation in highly crosslinked traditional MIPs, the porosity of the 
hydrogel facilitates the mobility of proteins. One major advantage of hydrogels is that chemical 
functions can be tuned to the end user’s requirement. Indeed, appropriate functionalization may 
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provide the material with recognition properties or even responsive abilities to external stimuli 
(temperature, pH or ion strength).[62] Owing to the various properties and advantages of such 
systems, we have chosen to carry out protein MIP synthesis via hydrogels. 
 
II. 2. Results  
Because the polymerizations had to be undertaken at ambient temperature, two initiation 
systems were tested, via redox or photochemical reactions. Therefore, hydrogels were synthesized 
by radical polymerization in the presence of ammonium persulfate (NH4)2S2O8 and sodium 
thiosulfate Na2S2O3 for redox initiation or 1 mol% 2-hydroxy-4’ (2-hydroxy-ethoxy)-2-
methylpropiophenone (HHMP) or Bis- acyl- phosphine (BAPO) for photoinitiation (see Chart 1.) 
All initiators were water soluble.  
Different formulations were evaluated, depending on the ratios between the monomers and 
the type of monomers. Indeed, neutral, positively charged or negatively charged monomers were 
tested in the hydrogels (see Chart 2 and Table 3). The main component for all formulations was 
glucosyloxyethyl methacrylate (GEMA). This monomer was chosen to provide hydrophilicity to the 
system whilst providing the possibility for numerous hydrogen-bonding with proteins and 
minimizing protein denaturation. Indeed, it is well known that saccharidic groups play a very 
important role in some biological recognition phenomena,[63-65] and saccharide interactions help 
keeping a suitably hydrated environment around proteins. The three other hydrophilic components 
(see Chart 2) in the hydrogels were either neutral (HEMA), positive (AEMHC) or negative (SEMA) 
monomers, in order to provide more specific interactions depending on the medium used. As 
already mentioned, the choice of the monomers is essential, since the interactions with the proteins 
are based on it. Therefore, for each protein, a new formulation has to be developed and optimized. 
This is why we decided to assess different types of monomers, which could interact with different 
proteins. 
 
54 Chapter I. MIP Hydrogels, Synthesis and Characterization 
 
54 
 
 
Chart 1. Photoinitiators 
 
             
 
Chart 2. Monomers and crosslinking agents used in this study. 
 
In early experiments and based on example of hydrogel molecular imprinted polymer 
described by Takeuchi et al.[66], different crosslinkers were checked, such as N’N-methylene bis-
acrylamide (mBisA), acrylamide/bisacrylamide mixture, ethyleneglycoldimethacrylate, 
poly(ethylene glycol 400 dimethacrylate) (PEG 400 DMA), and PEG 1000 DMA. Except for 
PEG1000DMA, all other crosslinkers led to imhomogeneous gels. Therefore, two crosslinkers with 
very different lengths were used, in order to maintain some freedom in the gel while ensuring a 
certain mechanical resistance. In the first case, acrylamide/bisacrylamide and PEG1000DMA were 
used as crosslinkers, however, microgels were obtained. On the contrary, mixing PEG1000DMA 
and mBisA, the obtained hydrogel was uniform, homogeneous and transparent with some restriction 
depending on monomers concentration. For instance, keeping a constant total percentage of 
crosslinkers of 50 mol% in the final monomer mixture, using more than 25 mol% of mBisA, the 
final hydrogels were submitted to tensions, resulting in hydrogel cracking. Using more than 25 
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mol% of PEG1000DMA, large pore size could be expected. In order to find a good compromise, 
crosslinking agents were kept between 30 and 50 mol%.  
Beside hydrogel formulation, the reaction medium composition was also examined. This had 
to allow the formation of clear and homogeneous films, as well as keeping a final pH close to 7. 
Therefore, in a first instance, 10 mM phosphate buffered saline solution (PBS) was used, however, 
the pH remained low (< 7) independently of the monomer used in the case of redox initiation. 
Hence, an increase in the concentration of buffer solution to 50 mM allowed controlling the pH. As 
for monomer concentration, equal or less than 7 mol% was mandatory when using SEMA in order 
to obtain a pH close to 7.4. Concerning the monomer and crosslinking agent solubility, all the 
components were soluble in this PBS solution apart from mBisA which has a solubility of 30 mg/ 
ml in water at 25ºC. However, it was not soluble (ultrasonic bath, 40 ºC for 10 minutes) in PBS 
containing salt. Therefore, PBS without salt was used for subsequent experiments, where mBisA 
could be solubilized. Moreover, hydrogels synthesized in a concentrated solution (equal or higher 
than 1.38 M) had an opaque aspect. Therefore, concentration of 0.69 M was chosen in order to 
ensure the transparence of the films. 
In summary, in order to fulfill the desired specifications, we have to use: 
                     - 7 mol% or less of SEMA.  
                     - A mixture of crosslinkers between 30-50 mol% 
                     - 1ml of PBS solution of 50 mM in absence of NaCl  
                     - A final acrylate concentration up to 0.69 M 
Therefore we have chosen three different formulations for each functional monomer (see 
Table 3). For all formulations, the resulting solution in phosphate buffer was clear, showing a good 
solubilisation and a good miscibility of all the monomers. 
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FORMULATION 
 
HEMA 
(mol %) 
 
GEMA 
(mol %) 
 
SEMA 
(mol %) 
 
AEMHC 
(mol %) 
 
Bisacrylamide 
(mol %) 
 
PEG DMA 
(mol %) 
HEMA7/30 7.0 63.0 - - 20.0 10.0 
HEMA3.5/34.4 3.5 62.0 - - 17.2 17.2 
HEMA5/50 5.0 45.0   25.0 25.0 
SEMA7/30 - 63.0 7.0 - 20.0 10.0 
SEMA3.5/34.4 - 62.0 3.5 - 17.2 17.2 
SEMA5/50 - 45.0 5.0 - 25.0 25.0 
AEMHC 7/30 - 63.0 - 7.0 20.0 10.0 
AEMHC3.5/34.4 - 62.0 - 3.5 17.2 17.2 
AEMHC 5/50 - 45.0  5.0 25.0 25.0 
Table 3. Formulation of gels. 
 
The redox initiated polymers were obtained by mixing all components, spreading the 
solution onto a methacrylate functionalized glass slide and allowing the reaction to proceed in water 
saturated atmosphere under argon. In all cases, these conditions led to polymerization and 
crosslinking in a typical time of approximately 30 minutes. In neither case did we observe a 
macroscopic phase separation. All materials were either transparent or translucent. The same 
formulations were also photopolymerized. The reaction was performed with a xenon lamp at 28 
mW/cm2. The reaction was first carried out exposed to the atmosphere and at room temperature. 
The results obtained are summarized in Table 4. The polymerization time reported gives a 
qualitative assessment of the crosslinking state. In these systems, a special attention was given to 
the formation of a uniform transparent film.  
It is noteworthy to mention here that the results presented in Table 4 are obtained using 
HHMP as photoinitiator. Experiments were also carried out with BAPO; however, as explained in 
section III. 1. 2. 1. 2., both the monomer mixtures and the resulting films lacked homogeneity.  
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Table 4. First assessment of photopolymerization process. 
 
These experiments showed that almost all formulations led to the formation of a crosslinked 
film in approximately 10-15 minutes. However, two formulations, SEMA 7/30 and AEMHC 7/30, 
did not lead to films over this stated time. The latter formulations have a percentage of 7% of 
functionalized monomer and the lowest PEG 1000 DMA content (10%). In other words, this 
mixture contains the lowest content of total crosslinker (30%). The low conversion might come 
from lower reactivities from the functionalized monomers or from inadequate mobility in the final 
network due to its diluted concentration, leading to the impossibility of macroscopic gel formation.  
For each system, the conversion was evaluated by the gel fraction mdried gel/minitial. This is 
reported in Table 5. As expected from the previous comments, the 7/30 formulation with the lowest 
crosslinker ratio leads to the lowest gel fraction, since the probability to have soluble fragments is 
higher for this system. As for the other formulations, gel fractions between 50 and 65% are 
obtained. In the literature, gel fractions are observed to be very different going from a hydrogel to 
another, since they can vary between 40 and 100%.[67-71] The formulations "5/50" presented the best 
gel fraction, corresponding to the highest crosslinker ratio. No strong difference was observed 
between redox or UV initiation or between the different monomers.  
 
Formulation 
 
Polymerization time Result 
HEMA 
7/30 
12 min Film 
HEMA 
3.5/34.4 
22 min Film 
HEMA 
5/50 
12 min Film 
SEMA 
 7/30 
15 min No film 
SEMA  
3.5/34.4 
10 min Film 
SEMA  
5/50 
12 min Film 
AEMHC  
7/30 
10 min No film 
AEMHC  
3.5/34.4 
10 min Film 
AEMHC 
5/50 
12 min Film 
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Formulation Gel Fraction 
Redox 
Gel Fraction 
hʋ 
HEMA7/30  0.43 0.47 
HEMA3.5/34.4  0.5 0.54 
HEMA5/50  0.65 0.6 
SEMA7/30  0.33 0.38 
SEMA3.5/34.4  0.52 0.36 
SEMA5/50  0.6 0.62 
AEMHC7/30  0.54 0.56 
AEMHC3.5/34.4  0.55 0.53 
AEMHC5/50  0.65 0.64 
Table 5. Gel fraction of the hydrogels 
 
  Takeuchi et al.[66] presented the synthesis of hydrogels using 5 mol% of 2-
dimethylaminoethyl methacrylate (DMA) and 44.8 mol% GEMA as functional monomers and 50.2 
mol% of mBisA as crosslinker (total monomer concentration = 0.41mM) in 50 mM PBS solution 
pH 7.4. The polymerization was carried out by photopolymerization at 4 ºC during 18 hours (the 
power density not specified). The final conversion for this system was found to be 86%. Because 
our synthetic protocol was based on the one reported by Takeuchi, similar results were expected. 
However, the final conversions in our system were lower. This difference presumably comes from 
the fact that Takeuchi purged the solution with nitrogen gas for 5 minutes whereas we decided to 
avoid purging to minimize the number of the steps in the process and facilitate the final use. 
Oxygen inhibition in radical process is a severe drawback, especially for coatings. This problem has 
been assessed in the literature and some have appeared that can be performed directly in air.[72] 
  In order to clarify the low gel fraction compared with Takeuchi results, a complementary 
analysis of the uncrosslinked fraction was carried out. Since classical radical polymerization is 
used, the process is submitted to the difference of reactivities between all monomers.[73] This is an 
important fact since the obtained conversion is not quantitative. This means that the final 
composition of the gel is different from the initial one. Among all monomers, methacrylates have 
similar reactivities and will therefore be incorporated approximately at the same rate. The only 
monomer presenting a very different and higher reactivity is bisacrylamide. This monomer is 
therefore expected to react very early in the process to yield nanogels which can then be further 
incorporated into the macroscopic gel. To try and asses the final composition, after HEMA 5/50 
polymerization, the resulting hydrogel film was washed with milliQ water. The aqueous supernatant 
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was freeze-dried in order to extract the soluble part which did not take part in the hydrogel 
formation. These extracted products were solubilized in deuterated DMSO and analyzed by 1H 
NMR. In pararallel, HEMA 5/50 mixture of monomers was also prepared and freeze-dried in order 
to compare the results. Figure 6b shows the NMR spectrum of the extracted products. It is possible 
to observe the presence of soluble polymer presenting all monomer units except bisacrylamide 
which can be clearly identified by the NH signal at 8.8 ppm confirming its reactivity. No traces of 
residual monomers were found. This indicates that the percentage of acrylamide moieties in the 
final gel is higher than the theoretical one. Based on the measured gel fractions, this leads to a final 
content in bisacrylamide moieties between ca. 30 and 55% depending on each formulations. 
However, a more precise final composition cannot be obtained because of the very close structure 
of the other monomers. 
 
 
Figure 6.  1H NMR in DMSO, a) HEMA 5/50 mixture of monomers and b) soluble part of the same formulation after 
polymerization and extraction. 
 
To further characterize the reactivity of each formulation, kinetics of polymerization was 
monitored by Raman spectroscopy and piezorheometry. 
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III. Characterization 
III. 1. Polymerization Kinetics. 
In order to evaluate the maximal conversion time of the hydrogel formation two techniques 
were chosen. Raman spectroscopy was used for hydrogels polymerized by redox initiation, owing 
to the possibility of studying the vinyl monomers polymerization in situ. Piezorheology was 
adopted to study the hydrogels polymerized via UV irradiation because among other this technique 
allows to irradiate the sample in situ while measuring the conversion. 
 
III. 1. 1. Raman Spectroscopy 
The aim of this section was to observe in situ the reaction kinetics for hydrogel 
polymerization and to assess the conversion of vinyl groups in the cured sample by Raman 
spectroscopy. The advantage of this technique is the possibility to analyze aqueous solutions, since 
water molecules do not lead to any signal (negligible signal diffusion) in Raman spectra. Therefore, 
obtaining the spectra of materials without drying them and monitoring the reaction is possible. 
However, Raman is a non quantitative technique; it is thus only possible to carry out a qualitative 
examination to have an indication of the polymerization time.  
  To monitor the reaction, a spectrum of monomer solution was first performed within a 
quartz tube on an area of 10 µm2; the redox initiators were then added and two spectra were 
recorded at different times (see Figure 7). In detail, the first spectrum (t=0) showed a band at 1632 
cm-1 corresponding to the C=C bond (stretching vibration) of the monomer mixture. After addition 
of the initiators, this band decreased as shown in the second and third spectra (t= 8 min, t= 24 min) 
due to the propagation step in the polymerization. New bands arose between 800 cm-1 and 1100 cm-
1
, however, we cannot make a precise attribution because the resulting polymer has a complex 
structure. Variation in the spectra owing to the polymerization reaction was shown by Raman 
spectroscopy. Nevertheless, as seen in the second and third spectra, the disappearance of the double 
bond band was not complete. This result was expected since the maximum gel fraction is 50% as 
already described. 
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Figure 7. Redox polymerization monitored by Raman spectroscopy of SEMA 7/30 solution. 
 
In parallel, a final (but different) washed material (in milliQ water) was analyzed by Raman 
(see Figure 8). The polymerization time of the hydrogel was three hours to ensure a complete 
polymerization. This spectrum also shows a remaining double bond band at 1632 cm-1 , a band 
characteristic for carbonyl groups (C=O) at 1725 cm-1 and another at 1000-1150 cm-1  
corresponding to the C-O group. The fact that some crosslinkers agents can react only from one 
side, leaving the other end of the chain free, could explain the incomplete double bond conversion. 
 
 
 
Figure 8. Raman spectrum of HEMA 3.5/34.4 hydrogel after polymerization (isolated product). 
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With the purpose of studying the optimum polymerization time by analyzing final materials 
as well as the material degradation over time, three other Raman spectra were carried out on SEMA 
7/30 hydrogels (Figure 9). Two of them were analyzed after their synthesis (after 3 h and 5 h of 
reaction) and the third one was synthesized (3h of reaction) and preserved in water for one month 
before being analyzed. The resulting spectra are displayed in Figure 9, the bottom-side and top-side 
spectra belong to the hydrogels obtained during 3 and 5 hours respectively and the spectrum 
between them corresponds to the aged hydrogel. On one hand, if we first compare top and bottom-
side spectra, the peaks at 3hours are weak but proportional to the peaks at 5 hours. However, with 
these results, no assumption can be done for the optimization of the polymerization time. On the 
second hand, the spectrum of the aged hydrogel was monitored in order to study a possible 
degradation of the material over time. Compared to the two other spectra there are no considerable 
differences between them. In conclusion, a stability of the materials was found in principle for one 
month. 
 
 
Figure 9. Raman spectra corresponding to SEMA 7/30 hydrogels; after 5 hours of  polymerization (top-side spectrum), 
after a 3 hours of polymerization (bottom-side spectrum) and synthesized one month before analysis preserved in water 
(intermediate-side spectrum).  
 
  From a general point of view, Raman spectroscopy did not enable us to characterize the 
maximal conversion time of redox systems. The analysis, however, indicated a small portion of 
remaining double bonds.  The next section is devoted to rheological experiments, which are more 
specific for gel formation.  
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III. 1. 2. Piezo-Rheometry. 
Rheology is the science which studies the properties of flow and deformation of a matter 
under controlled conditions (applied forces). In general, for a purely elastic sample, the strain and 
the stress are in-phase (φ = 0), sample stress is proportional to the strain. When the strain and the 
stress have a phase difference (φ) of 90°, the sample is purely viscous. The stress in the sample is 
proportional to the rate of strain rate. In the case of a viscoelastic sample, the phase difference (φ) is 
between 0° and 90° (see Figure 10), the stress in the sample lies between both responses. 
 
Figure 10 .Schematic illustration of strain response to stress for elastic, viscous and viscoelastic materials.[74]  
 
A lot of soft materials exhibit a viscoelastic mechanical behaviour. Their complementary 
viscous and elastic properties are represented by the complex shear modulus G* which is given by 
the stress over strain ratio G* = σ/ Ɛ. Moreover the complex shear modulus can be expressed by the 
elastic and viscous contribution, then G*= G’ + iG’’, where G’ represents the elastic modulus that is 
related to the reversible deformation (storage of energy) and G’’ denotes the viscous modulus 
representing the irreversible deformation (dissipation of energy). 
The piezo-rheometer that we used is a device which has been developed by P. Martinoty’s 
team in Strasbourg for studying the mechanical properties of gels under shear,[75],[76] as well as 
polymer melts[77] and elastomers.[78] The principle consists in applying a small strain Ɛ to the 
sample by a slight displacement δ from the emitting ceramic. The amplitude and the phase of the 
stress σ are then measured by the receiving ceramic. Figure 11 shows a schematic representation of 
the piezorheometric measuring cell. The piezo-rheometer device offers several advantages such as 
the use of a small amount of sample to analyze (typically 5 µl of precursor solution was used) and 
the samples can be irradiated situ. The sample can be analyzed applying shear deformation or 
dynamic compression. The gel point is a particular state of the gel, which is defined by a transition 
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state between liquid and solid. Specifically, the polymer approaches the gel point at a critical extent 
of reaction (xcr) in which the clusters present in the sol phase (i.e. colloidal oligomers and small 
macromolecules) increase in number and size to percolate to the gel point and form an infinite 
cluster. Near the gel point, the viscosity diverges and the shear modulus becomes non-zero. Before 
the gel state is reached, the system is in liquid state (composed of oligomers or small 
macromolecules) where x< xcr and is called sol state, while beyond the gel point, x > xcr and is 
called
 
gel.[79] Therefore, for all samples, the early period corresponding to a very weak value of G’ 
is linked to the sol state and the gel point of the system. G’ increase is a sign that the system is in 
the gel state. Gel point for hydrogels is usually observed between 0.1 and 10 Pa.,[80, 81] which is 
below the detection limit for the piezorheometer. Hence, even if the entire polymerization kinetics 
is not expressed, it is possible to obtain the end of the gelation process and the predominant 
mechanism which takes place during this process.   
 
 
 
Figure 11. Schematic representation of the piezorheometric measuring cell. 
 
In this investigation, the knowledge of polymerization kinetics is crucial to understand the 
system. The optimum conditions to obtain a suitable polymerization rate and a “homogeneous” gel 
(mechanical properties) can then be established. Therefore, in this section, we will describe first the 
determination of the experimental parameters for the piezorheometer to avoid any error from the 
apparatus in the measurements. The initiator influence will be then presented as well as the 
formation kinetics and mechanical properties of the gel. All the work presented here was performed 
in Strasbourg by D. Collin (Institut Charles Sardron). 
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III. 1. 2. 1. Results 
III. 1. 2. 1. 1. Piezorheometer Cell Parameters.  
• Influence of Surface Glass Plate Treatment 
The gel formation was studied depending on the surface of the glass slide of the cell. One 
experiment was performed with a “smooth” glass slide and another by using “rough” slides. The 
latter were obtained by treating smooth slides with silicon carbide powder (average size of particles 
~ 12 µm) resulting in slides with grooves perpendicular to the direction of the shear displacement. 
Figure 12 shows the variation of G’ during formation of the AEMHC 5/50 gel using both different 
glass plates. The sample thickness (28 µm), the strain applied to the sample, and the UV irradiation 
method (irradiation from the cell bottom) are the same for both experiments. It is noteworthy to 
remind that in this case the polymerization was carried out by UV irradiation (λ ~365 nm) with a 
light intensity of 0.5 mW/ cm2.     
 
 
Figure 12. Evolution of G’ during formation of the AEMHC 5/50 gel. The lower curve was obtained using the 
untreated glass slide whereas the upper curve represents the data obtained using the glass slide with grooves. 
 
The results obtained using untreated slides exhibited an unusual behavior of G’ which 
undergoes a sharp decrease (see Figure 12, lower curve) at the early stage of the crosslinking 
process. Likewise, this response is shown on Figure 13 for SEMA 5/50 gel. For the latter, gel 
formation started after the first 5 minutes of UV light exposure shown by a sudden and a drastic 
change in the shear modulus. This change in G' can be attributed to detachment of the sample from 
the untreated glass slide. This can be caused by the volume shrinkage from the sample induced by 
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the polymerization process. This phenomenon has been already studied for these acrylate-based 
gels.[82],[83] By using the glass slides with grooves, G' showed a common behavior expected for a 
chemical gel formation. This behavior is characterized by a rapid and uniform increase in G' 
followed for long times by a saturation which corresponds to the elastic modulus of the final gel 
(see Figure 12, upper curve).This result clearly shows that a glass slide with grooves is necessary to 
carry out a correct monitoring of gel formation and to obtain consistent measurements.  
 
 
Figure 13. Gel formation evolution versus irradiation time for SEMA 5/50 gel. The measurement was carried out with 
an untreated glass slide. 
 
• Influence of UV light irradiation conditions 
The influence of UV irradiation on the forming gel was studied by applying the UV light 
either to one side (bottom part), or both sides of the sample. Two identical light sources were used. 
The intensity received by the sample was thus doubled. The sample thickness and the shear strain 
applied to the sample were the same in both experiments. The results on the AEMHC 5/50 
monomer mixture obtained by applying these two UV irradiation methods are represented in Figure 
14. The lower curve shows that the value of G’ for long times is a function of the irradiation 
method. On the other hand, the upper curve exhibits a higher value of G’ corresponding to the 
largest irradiation intensity, and therefore to a better crosslinking.  
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Figure 14. Evolution of G’ during the formation of the AEMHC 5/50 gel. The data correspond to two different methods 
of UV irradiation of the sample. The UV light was applied either to one side of the sample (lower curve), or to both 
sides of the sample (upper curve). The solid lines correspond to the fit of the data with Eq (1). 
 
To characterize the kinetics of the gel formation, the data were analyzed using a stretched 
exponential given by 
 
                                        G’= G’∞ (1- exp {-[(t-to)/τ ]x})                    eq. (1) 
 
where G’∞ corresponds to the value of G’ for long times, to is the time associated with the infinite 
cluster formation (i.e. the time required to reach the gel point), τ is the formation time of the 
network, x is the exponent describing how stretched the exponential is. The solid lines in Figure 14 
show that the fits with Eq. (1) give a good representation of the data. The parameters of the fits are 
given in Table 6. The number of mechanisms which are involved in the gel formation is given by x. 
In this analysis, we found an x value less than 1, which shows that the formation of the gel was 
governed by more than one mechanism. Furthermore, this value suggested the presence of 
heterogeneities in the gel due to incomplete crosslinking of the sample.  
An increase in the UV light intensity applied to the sample must lead not only to an increase 
of the shear modulus of the resulting gel but also to an x value closer to 1. This analysis also 
suggested that the times associated with the formation of the infinite cluster and of the polymer 
network are roughly inversely proportional to the UV intensity applied to the sample, as expected. 
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  UV intensity 
   (mW /cm²) 
G’∞  (105 Pa) x t0 (h) τ (h) 
         0.5 3.33 ± 0.02 0.83 ± 0.02 0.063 ± 0.002 0.248 ± 0.002 
          1 3.56 ± 0.02 0.86 ± 0.02 0.035 ± 0.002 0.143 ± 0.002 
Table 6. Parameters obtained by fitting the data with Eq. (1), for AEMHC5/50 gel. The sample thickness was 28µm. 
The two values of the UV light intensity are associated with the irradiation of one side (I~0.5 mW/cm²) and both sides 
(I~1 mW/cm²) of the sample, respectively. 
 
• Influence of the Sample Thickness 
Experiments on samples of smaller thickness, were performed in order to optimize the 
irradiation conditions of the sample and thus to obtain a maximally crosslinked gel. Figure 15 
shows the results obtained for the AEMHC 5/50 monomer mixture using the same irradiation 
methods mentioned above. The sample thickness (19 µm) and the shear strain applied (Ɛ ~ 2*10-4) 
to the sample were the same in both experiments. 
Contrary to Figure 14, the resulting G’ value was the same for both cases whatever the UV 
irradiation method used. This means that the gel achieved the maximal degree of crosslinking 
independently of the UV intensity (under these experimental conditions). The solid lines represent 
the fits with Eq (1) of G’ data and the resulting parameters are given in Table 7. The value of the 
exponent x is close to 1 which represents a single mechanism for gel formation. Moreover, a UV 
light intensity of ~ 0.5 mW/cm², applied to one side of the sample, is therefore sufficient to obtain a 
maximally crosslinked gel, if the sample thickness does not exceed ~ 20 µm. 
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Figure 15. Variation of G’ during the formation of the AEMHC 5/50 gel. The data correspond to the two different 
methods of UV irradiation of the sample. The UV light was applied either to one side of the sample (lower curve), or to 
both sides of the sample (upper surve). The solid lines correspond to the fit of the data with Eq (1). 
 
 UV intensity 
  (mW /cm²) 
G’∞  (105 Pa) x t0 (h) τ (h) 
        0.5 3.81 ± 0.02 0.98 ± 0.03 0.045 ± 0.004 0.258 ± 0.004 
         1 3.86 ± 0.02 1.01 ± 0.02 0.030 ± 0.003 0.118 ± 0.003 
Table 7. Parameters for the fits of the data with Eq. (1), for AEMHC5/50 gel. The sample thickness was 19µm. Both 
values of the UV light intensity are associated with the irradiation of one side (I~0.5 mW/cm²) and both sides (I~1 
mW/cm²) of the sample, respectively. 
 
The same behaviour was observed for HEMA 5/50 (blue rhombus,) and SEMA 5/50 
(reddish triangles) hydrogel. In detail, Figure 16 represents x and the shear modulus G’∞ as a 
function of the sample thickness. On one hand the upper triangles and rhombus show that G’∞ tends 
to a constant value with decreasing the sample thickness. On the other hand, when the thickness of 
the sample is below or equal to 20 µm, x tends to reach a value of 1 in both hydrogels. 
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Figure 16. Thickness-dependence of the exponent x and of the shear modulus G’∞ deduced from the analysis of the gel 
formation, showing that a completely crosslinked gel is obtained for thicknesses ≤ 20 µm. 
 
In conclusion, this study showed that the mechanical characterization of our gels required: 
- The use of glass slides with grooves in the piezorheometer cell in order to avoid any 
detachment effect from the sample. 
- The use of thin samples (thickness ≤ 20 µm) in order to form a uniform crosslinked gel 
under these experimental conditions.  
The control of these parameters will provide values of the x exponent close to 1, therefore a 
mechanism of gel formation which is governed by a single mechanism. It is noteworthy to mention 
here that these requirements were fulfilled in the following experiments. The irradiation was applied 
from the bottom of the sample. 
 
III. 1. 2. 1. 2. Initiator Influence 
We studied the initiator influence on the gel formation. We used HEMA 7/30 as the 
monomer mixture and BAPO or HHMP as initiators (1 mol%). The rate of polymerization was then 
studied (see Figure 17). Systems using BAPO as initiator reached the gel state upon 30 minutes of 
irradiation. The value of G’ for such gels slowly increased and reached a relatively low value of 104 
Pa. Moreover, using BAPO, the monomer mixture was not homogeneous, giving non reproducible 
results. On the other hand, systems using HHMP as initiator needed only 12.5 minutes of irradiation 
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to reach the gel state and after 90 minutes the resulting hydrogel displayed a G’ about 3.5 x 104  Pa. 
As a consequence, in the subsequent experiments, only HHMP was used. 
 
 
 
Figure 17. Comparison of the initiator efficiency in the gel formation of HEMA7/30 solution. 
 
III. 1. 2. 1. 3. Formation Kinetics and Mechanical Properties of the Gels. 
• Influence of Formulation 
Gels of the same formulation with the highest concentration of crosslinker (series 5/50) were 
first examined. Figure 18 shows the evolution of the real part G’ with time, during UV irradiation. 
The three monomer mixtures studied exhibited a similar behavior in G’ evolution and the gels 
reached the end of the polymerization after approximately 1 hour. As shown in Table 8, the three 
gels were characterized by a G’∞ value of the order of a few 105 Pa which depends of the initial 
acrylate monomer charge. This modulus value slightly increased going from the positively charged 
monomers (AEMHC 5/50) to the negatively charged monomers (SEMA 5/50), via the neutral 
monomers (HEMA 5/50). This therefore results in slight dissimilar mechanical properties. The 
observed difference in the modulus is somewhat expected since the composition varies from one 
hydrogel to another. However, the exact reason is still unclear. The value of the exponent x is close 
to 1, indicating that only one mechanism contributed to the gel formation as expected.  
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Figure 18. Variation of G’ during the gel formation. The graphs correspond to the monomer mixture belonging to the 
5/50 series (SEMA 5/50 a), HEMA 5/50 b), and AEMHC 5/50 c)). The solids lines are result of the fits with Eq. (1) of 
the data.  
 
Hydrogels Gel  
fraction 
G’∞  (Pa) x t0 (h) τ (h) 
HEMA5/50 0.6 (5.84 ± 0.02) × 105 1.00 ± 0.02 0.044 ± 0.003 0.148 ± 0.003 
AEMHC5/50 0.64 (3.81 ± 0.01) × 105 0.98 ± 0.03 0.045 ± 0.004 0.258 ± 0.004 
SEMA5/50 0.62 (7.37 ± 0.02) × 105 1.00 ± 0.03 0.063 ± 0.004 0.311 ± 0.005 
Table 8.  Resulting parameters of the fits of the data with Eq. (1) from Figure 18.  
 
As shown above, all gels were crosslinked after ~1 hour. Assuming that the time required to 
a complete photocrosslinking of the sample is inversely proportional to the UV light intensity (all 
other parameters being similar), the extrapolation of this result to the experimental conditions of 
nanoimprint process (film thickness <10 µm, UV intensity ~ 150 mW/cm²) leads to a time of gel 
formation of a few seconds. This shows that our process fulfils the specification previously 
mentioned of a process period of less than 15 minutes required for industrial applications.  
Samples with lower concentrations in crosslinkers were then analyzed in the same 
experimental conditions. A typical example of the formation of such a gel is shown in Figure 19 
corresponding to HEMA 3.5/34.5 and HEMA 7/30 monomer mixtures. The resulting parameters of 
the fit of the data with Eq. (1) are shown in Table 9. G’∞ of these gels was found lower than those of 
the previous compounds, as expected since the crosslinking density was lower. For the HEMA7/30 
monomer mixture, which presents the lowest shear modulus value, the value of the exponent x is 
found close to 1 for sample thicknesses going up to 60 µm, compared to 20 µm for the HEMA 
3.5/34.5 and  5/50 series. This result suggested that each system has an independent behaviour, and 
its answer varies as a function of the reactive component concentration. 
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Figure 19.  Variation of the real part G’ of the shear modulus during the formation of the, a) HEMA 3.5/34.4 and b) 
HEMA7/30 gels. The solid line is the result of the fit of the data with Eq. (1). 
 
 
Hydrogels Gel 
fraction 
G’∞  (Pa) x t0 (h) τ (h) 
HEMA 3.5/34.4 0.54 (1.83 ± 0.01) × 105 1.01 ± 0.02 0.045 ± 0.003 0.177± 0.003 
HEMA7/30 0.47 (3.57 ± 0.01) × 104 1.02 ± 0.02 0.076 ± 0.002 0.154± 0.002 
Table 9. Resulting parameters for the fits of the data from Figure 19 with Eq. (1). 
 
• Frequency Response 
 
The last part of this study was devoted to the frequency response of the final gels. A typical 
example is given in Figure 20 which shows the frequency behaviour of G’ and G’’ for AEMHC 
5/50. At low frequencies (f < 100 Hz), the response of the material was gel-like, with G’ = cste and 
G’’ ~ f, demonstrating that the response of the sample belongs to the hydrodynamic regime in this 
frequency range. At higher frequencies, the deviation from this behaviour revealed a viscoelastic 
contribution associated with the presence of relaxations within the gel. Quite similar behaviours 
were observed for the other compounds studied (HEMA 7/30, HEMA 5/50 and SEMA 5/50).  
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Figure 20. Frequency-dependence of the real G’ and imaginary G” parts of the complex shear modulus for the 
AEMHC5/50 compound. The response of the material is gel-like (G' = cste and G''~ f ) at low frequency. The straight 
line represents the behavior of G’’ proportional to f. 
 
III. 1. 2. 2. Conclusions 
 In this section, we have studied the formation kinetics and mechanical properties of the gels 
by piezorheometry. This study provided important information on the gels formed from the three 
series (series 5/50, 3.5/34.5 and 7/30) of monomer mixtures with different components. Depending 
on the concentration of reactive components, the shear modulus of the gels can vary from a few 104 
Pa to 8x105 Pa. The times of polymerization for the hydrogels are around 1 hour with a light 
intensity at 0.5 mW cm-2. Since the synthesis of hydrogels for the nanostructuration is carried out 
under a lamp which is 300 times more powerful, polymerization should occur in a matter of 
seconds. Therefore, in further experiments we will irradiate the sample during 3 minutes to ensure a 
complete polymerization. Moreover, the piezorheometry experiments allowed us to choose the most 
efficient initiator for our systems, which is HHMP. Finally, in order to obtain uniform and 
completely crosslinked gels, a thin sample is needed (thickness ≤ 20 µm for 5/50 and 3.5/34.4 
formulations and thickness ≤ 60 µm for 7/30 formulation). 
The chosen formulation for hydrogel nanostructuration is 5/50 owing its better mechanical 
properties (105 Pa) comparing with the other two. 
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III. 2. Swelling Ratio 
The properties of a hydrogel strongly depend on the swelling ratio. In a first instance, for the 
patterning either at micro or nanometer scale, this is critical, since the shape of the patterns as well 
as the replication fidelity will directly depend on this behavior. In addition, as we will describe in 
chapter III, light diffraction will partially depend on the change in nanostructures shape. A second 
aspect to study is related to the effect of the charged or uncharged functional monomers on the 
hydrogel. It has been reported that the content of uncharged, charged or multiple oppositely charged 
functional monomers density in MIPs can contribute substantially in the recognition event of the 
protein (always depending on the protein used as a template).[34, 84] Hence, depending on the 
swelling degree of the hydrogel in each situation, the recognition event will be also influenced. 
Indeed, if a high swelling ratio in the hydrogel is observed, the shape of the imprinted cavities can 
be extensively deformed, decreasing the recognition properties. It is therefore important to 
determine the swelling ratio of the hydrogel as a function of its composition.  We have then 
synthesized hydrogels series with neutral, positive and negative charged functional monomers. In 
addition, in order to introduce oppositely charged functional monomers density, three other 
hydrogels were also synthesized with a mixture containing 50% of positively charged AEMHC 
monomer and 50% of negatively charged SEMA monomer (net neutral charged mixture). 
The swelling ratios in pure water, phosphate buffer (PBS) at pH 7.4 and PBS in the presence 
of NaCl (0.145 M) were measured for different hydrogels. The results are presented in Table 10. 
The swelling ratio was calculated using eq. (2).  
 
                                Swelling ratio= (Ws/Wd)* 100   		
                         
eq.
 
(2) 
 
where Ws and Wd are the weights of the swollen and dry hydrogel. 
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   Formulation 
Swelling ratio in 
PBS 
Swelling ratio in 
PBS + NaCl 
 
Swelling ratio in 
water 
 
Redox hʋ Redox hʋ Redox hʋ 
HEMA 7/30 4.4 3.4 4.1 3.3 5.1 3.8 
HEMA 3.5/34.4 3.4 3.4 2.4 3.3 2.9 3.9 
HEMA 5/50 3.4 3.5 3.0 3.4 3.4 4.0 
    
SEMA 7/30 4.9 3.8 3.4 3.4 4.5 3.8 
SEMA 3.5/34.4 2.8 3.8 3.3 3.2 3.6 4.1 
SEMA 5/50 3.6 3.6 2.7 3.5 2.9 4.1 
    
AEMHC 7/30 2.8 2.6 2.5 3.0 3.1 2.6 
AEMHC 3.5/34.4 3.2 3.4 3.3 2.7 3.0 3.6 
AEMHC 5/50 3.1 3.0 3.1 2.7 3.0 2.9 
    
SEMA/AEMHC 
7/30 
3.2 2.9 2.9 2.9 3.3 2.9 
SEMA/AEMHC 
3.5/34.4 
3.6 3.6 2.9 3.2 3.8 3.6 
SEMA/AEMHC 
5/50 
3.7 3.0 2.7 3.0 3.8 3.1 
Table 10. Swelling ratio of the hydrogels. 
 
The results show swelling ratios between 2.5 and 4.9 for all the hydrogel compositions and 
are in the same range than other hydrogels having a quite high crosslinker ratio.[68-70]  The swelling 
ratio varied only slightly with the initiation process, as did the gel fraction (see section II.1). 
Likewise, it did not vary strongly with the change of solvent. This fact is a consequence of the 
relatively high content of crosslinking agent, compared to other classical hydrogels used for their 
supper absorbing properties.[85] In general, the formulations with lower gel fraction present a 
slightly higher swelling ratio (HEMA 7/30 Redox, SEMA 7/30 Redox). Due to the limited quantity 
of functional monomers in the gels, there is no strong difference between the formulations. This 
also explains the close values obtained either in PBS or in presence of salt, contrary to regular 
polyelectrolytes.[86] 
Recently, Kofinas et. al[33] have reported a study concerning the effect of charge density on 
the recognition properties of MIP hydrogels. They synthesized different polyampholyte MIPs with a 
final net neutral, positive and negative charged. Polyampholyte hydrogels are charged polymers 
with both positively and negatively charged groups. When the polymer has a net neutral charge (i.e. 
the equimolar amount of both positively and negatively charged units) and is introduced in 
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deionized water (without ion content) the chains are locally compacted due to the charge attraction 
between opposite charges. This leads to the collapse of the gel. On the contrary, when the polymer 
is introduced in salt solutions, the polymer tends to swell because the ions in the salt solution screen 
these attractive interactions extending the chains.[87] In Kofinas’s study the hydrogel formulation 
was composed of 94.7% of acrylamide (monomer), 0.1% of charged monomers (adjusting the 
amount of positively and negatively monomers accordingly) and 5% of mBisA (crosslinker) for a 
total monomer concentration of 0.8 M. They observed that the polyampholyte MIPs with net neutral 
charge (50% of each positively and negatively charged monomer) exhibited the lower swelling ratio 
(in deionized water). In addition, this hydrogel formulation also displayed the higher affinity for the 
protein template. In previous investigations, Kofinas et al.[34] studied the influence of the role of 
hydrogel electrostatic charge density on the recognition and selectivity properties showing that the 
best result was obtained when the charged monomer was equal to 0.1% in the precursor solution. It 
is noteworthy to point out that even with this small amount of charged monomers, the resulting 
hydrogels displayed differences in swelling ratio as well as in the recognition event. This 
percentage is much lower than in our hydrogel formulations. Therefore, in future investigations this 
parameter should be studied in order to optimize the formulation. In our case, the polyampholite 
hydrogels did not exhibit strong differences compared to the others. This can be explained by the 
fact that these gels were far from their isoelectric point. Indeed, sulfonic acid being a strong acid 
(pKA ca.~ 1.9) and AEMHC a weak base (pKB ca.~ 3.2), the isoelectric point could be estimated 
close to 4.45 from eq. (3).[88] 
 
                                                                                           eq. (3)  
 
 
 This means that either at pH 5.5 (water) or 7.4 (PBS), the resulting net charge of the gels is 
negative. They thus behave as regular polyelectrolyte gels. Indeed, Okay showed that, for so small 
percentages of charged monomers, the collapsing pH range was limited one pH unit around the 
isoelectric point.  
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Moreover, based on the swelling ratio, important  parameters of the hydrogel structure such 
as the average molecular weight between two adjacent crosslinkings (Mc) and average correlation 
distance between two adjacent crosslinking points (i.e. the mesh size) can be analyzed.[58]  Mc gives 
an idea of the degree of crosslinking of the polymer. The mesh size or the space available between 
macromolecular chains is often referred as “pore”. It is noteworthy that due to the random nature of 
polymerization process, Mc and mesh size values can be only considered as an approximation. 
Several equations have therefore been proposed in the literature in order to obtain these parameters, 
which depend on the polymerization conditions. These equations are different if the polymerization 
of a neutral hydrogel is carried out with or in absence of solvent, or if anionic and cationic 
hydrogels are prepared in the presence of a solvent.[62] For neutral, non-ionized hydrogels prepared 
without solvent (Flory–Rehner theory)[89],Mc can be calculated using: 
 
                                                             eq. (4) 
 
where Mn is the molecular weight of the polymer chains prepared under the same conditions in the 
absence of crosslinker, V1 corresponds to the molar volume of the swelling agent (e. g. water 18 
cm3 mol-1), ʋ is the specific volume of the polymer (calculated as the inverse of the density of the 
polymer 1/ρ), χ1 is the Flory polymer-solvent interaction parameter and ʋ2,s represents the volume 
fraction at the equilibrium of swollen polymer. In the case where the hydrogel is synthesized in the 
presence of solvent, the effect attributed to the solvent in the matrix should be introduced in the 
equation and Mc is expressed as follows:  
 
                                     eq. (5) 
 
where ʋ2,r is the polymer volume fraction in the relaxed state, just after its synthesis. For anionic and 
cationic hydrogels synthesized in the presence of water, an additional parameter which is the ionic 
contribution (“ l ”)  is taken into account as: 
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                eq. (6) 
 
where Ka represents the equilibrium constant for the acid hydrogels (for basic, Ka is substituted by 
Kb, and in the denumerator 10pH-14  – Ka).  
In addition, an equation is available to calculate Mc related to data of the elastic modulus G’ 
considering an ideal situation where the hydrogel is constituted by a homogeneous network;[90]  
 
                                                                              eq. (7) 
 
where ρ is the polymer density, T is the experimental temperature used, and R is the universal gas 
constant. Without going into more details, these equations seem to be useful to obtain a relative idea 
about the structure of the hydrogels. However, these methods are suitable for hydrogels based on 
one monomer or macromonomer (neutral, anionic, or cationic) and one crosslinker.  In our case, 
two functional monomers (neutral and anionic or cationic) and two crosslinkers are involved in the 
polymerization. Therefore, to the best of our knowledge, none of the above equations seemed 
appropriate, and their use could have been very misleading for the hydrogels characterization (for 
further information the reader is directed to the excellent review by Peppas et al.[60]) 
In this section, we have examined the swelling properties of all ours hydrogel materials in 
different solvents. The swelling ratios are quite close for all the samples. For application as a 
sensor, a limited swelling of the hydrogel is an advantage, since this enables the gels to keep a close 
geometry between the wet and dry state. In addition, the introduction of charged functional 
monomers does not influence the swelling ratio of the hydrogel.  
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III. 3. Pore Size Distribution 
Porosity is related to the space available between macromolecules chains of the hydrogel. 
The pore shape can be spherical, cylindrical, or any other irregular form. Depending on their 
diameter, the pores can be classified in three groups: a) micropores, having a diameter smaller than 
2 nm b) mesopores, where the diameter is between 2 and 50 nm and c) macropores, with diameters 
of 50 nm or greater.[91] Pore size distribution is very often determined by mercury intrusion or 
nitrogen adsorption on dried samples. These techniques are not suitable for hydrogels because 
drying the hydrogel might deform or crush its structure. Consequently, uncertain information of the 
real porous structure would be obtained.  Thermoporometry is another liquid intrusion method 
which allows to measure pore sizes smaller than 200-300 nm in diameter.[92]This method enables to 
study the porosity in solution, avoiding any collapse of the material. Microscopy methods such as 
transmission or scanning electron microscopy are also widely used. 
In order to control the possible interactions inside and at the surface of the hydrogel with the 
proteins, pore size is an important parameter. In this section we will describe the techniques used to 
characterize it. First we will present the microscopy methods, followed by AFM measurement. 
Thermoporometry using differential scanning calorimetry (DSC) will be detailed in the end. 
 
III. 3. 1. Electron Microscopy 
Electron microscopy is a widely developed technique which allows visualizing the materials 
morphology. Specifically, the micrographs can show the surface pore shape and size, pore 
distribution as well as pore density. Complementary information is then achieved by image 
processing providing the measurements of the material morphology.  
Problems and difficulties arise in choosing the correct observation technique and the 
preparation method of the sample to avoid any artifacts. There are two main microscope types, 
scanning electron microscope (SEM) or transmission electron microscope (TEM). The principal 
restriction of both techniques is that sample visualization must be done in dry conditions. However, 
the characterization of hydrogel morphology requires humid conditions or certain conditions which 
allow preserving a swollen structure. More specific techniques therefore exist to study biological 
samples or hydrated/swollen materials such as hydrogels. Those techniques are environmental 
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SEM, allowing the examination of any specimen, wet or dry, close to its natural state and cryogenic 
electron microscopy where the sample is rapidly frozen and analyzed.   
 
III. 3. 1. 1. Results 
• Transmission Electron Microscopy 
 Figure 21 shows the micrograph corresponding to HEMA 3.5/34.4 hydrogel entrapped in a 
resin, illustrating a non-porous structure. The black spots correspond to the staining agent. The 
reason why the porous structure is not observed is directly related to the methodology of sample 
preparation. Hydrogel shrinking is generally produced by alcohol dehydration. In addition, the 
introduction of a resin within the hydrogel matrix can mask the porosity.  
 
 
Figure 21. TEM micrograph of HEMA 3.5/34.4 hydrogel. Scale bar 0.5µm, magnification x5000. Hydrogels were 
synthesized by redox initiation.   
 
• Scanning Electron Microscopy 
Samples were first freeze-dried to be characterized by SEM. The resulting micrograph 
below (Figure 22) represents HEMA 3.4/34.5 hydrogel. Because they had to be performed on dried 
samples, SEM images neither showed any pores, but revealed a texture of 50 nm irregular surface 
patterns. 
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Figure 22. Topography of HEMA 3.4/35 hydrogel under scanning electron microscope image after freeze
Hydrogels were synthesized by redox initiation. 
 
In order to help pores examination, a hydrogel sample with 
PEG1000DMA was synthesized. Indeed, a higher percentage of this large crosslinker (50%) 
together with the absence of mBisA s
clearly. Despite these conditions, no nanometric pores 
hydrogel structure during freeze-dr
 
Figure 23. SEM micrographs of HEMA 5/50 
magnification x3500, scale bar 1µm, b) at magnification x10000, scale 
scale bar 100 nm. Hydrogels were synthesized by redox initiation.
 
• Cryogenic Scanning Electron
The hydrogels synthesized by photopolymerization 
microscopy on wet samples. Figure 
microscopy. Wide pore size distribution (from 300
were observed. 
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a 
hould lead to large pores and give us a chance to observe 
were detected owing to a collapse of the 
ying (Figure 23). 
derivative, mBisA has been replaced by PEG1000DMA a) at 
bar 1µm and c) at magnification x50000, and 
 
 Microscopy 
were thus characterized by electron 
24 shows the hydrogel structure by fre
 nm to 1µm) as well as different pore shapes 
-drying. 
higher percent ratio 
them 
 
eze-fracture electron 
                                                                
 
 
Figure 24. Cross-section micrograph of HEMA7/30 hydrogel after cryofracture.  Magnification x7500.
The hydrogel was synthesized using a lamp with a power density received 
 
These results have been further confirmed b
paraformaldehyde within the hydrogel matrix 
technique matched the range obtained by cryofracture (300 
walls which are thicker than others, this fact may
noteworthy to mention here, that even 
CryoSEM, the analyses were not reproducible
preparation.  
 
Figure 25. Cryocut micrograph for HEMA7/30 hydrogel structure (mag x6000). 
synthesized using a lamp with a power density received by the sample of 2
 
The morphology of the hydrogel
was then examined by cryofracture
and 80 nm for the three hydrogels 
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though the pore sizes are in the same range 
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Scale bar: 4µm
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(see Figure 26).  
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Figure 26. Cryofracture micrographs of a) AEMHC 5/50, b) HEMA 5/50 and c) SEMA 5/50. Bars: 100nm, 
magnification x40000 and below their corresponding histograms representing the pore size. Hydrogels were synthesized 
using a lamp with a power density received by the sample of 150 mW/cm2.  
 
III. 3. 1. 2. Discussion  
Among all microscope techniques used, only cryogenic methods lead to reproducible results 
and a good observation of the pores. Depending on the formulation, different sizes can be obtained, 
which is expected, but important for our application. Therefore, depending on the protein size 
chosen for MIP synthesis, we can tune the hydrogels composition to obtain a suitable pore size in 
their structure. 
It is noteworthy that even if the pore size measurements were made twice with correlated 
results, we have always to take into account an error from sample preparation. The observed area 
for each sample was taken less than 50– 60 µm away from the fracture edge to minimize artifacts of 
freezing; however, we still cannot be sure to have avoided them completely. A clear example of 
inaccurate sample preparation is represented in Figure 27. A deformation of pore is observed. 
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Figure 27. Cryofracture micrograph of SEMA 5/50 after an inaccurate sample preparation. Bars: 1µm, magnification 
x10000. Hydrogels were synthesized using a lamp with a power density received by the sample of 150 mW/cm2. 
 
III. 3. 2. Atomic Force Microscopy-AFM 
Atomic force microscopy is another versatile technique to characterize surfaces with a high 
resolution down to the nanometric scale. Since the development of this technique,[93] it has been 
adapted for every kind of materials such as cells,[94],[95] proteins[96, 97] or DNA,[98] and it is also used 
to quantify the molecular interaction (e.g., biotin-streptavidin[99]). In polymers and biomaterials, it is 
used to examine their morphology and surface properties.[100, 101] (For more examples of AFM 
applications, the reader is referred to the review [102]). An advantage of this technique is that the 
analysis can be done in air or liquid environments.  
Briefly, AFM principle consists in a sharp tip attached to a flexible cantilever which can 
scan the sample surface. The deflection of the cantilever is monitored using a laser and photodiode. 
The two most common modes of operation are contact and tapping. We will be interested by the 
contact mode AFM, where the resulting image is obtained by the displacement of the AFM tip on 
the sample surface with a constant force (see Figure 28a). This mode can damage soft surfaces due 
to the lateral and shear forces applied. Nevertheless, it is more accurate for height measurements. In 
tapping mode also called dynamic mode, the cantilever oscillates vertically at high frequency and 
the tip touches the surface of the sample on each oscillation (see Figure 28b). By using tapping 
mode AFM on soft materials, the definition of real surface topography can be uncertain. Magonov 
and coworkers have shown that the triblock copolymer styrene-butadiene-styrene (SBS) topography 
measured at different tip-sample forces varied in measured height.[103]  
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Figure 28 . Schematic drawing of an AFM apparatus. a) Contact mode AFM, the topography of the surface is scanned 
by the cantilever. The force of the tip is kept constant while a sample is measured. b) Tapping mode AFM, in this case 
he cantilever oscillates vertically at high frecuency and the tip touches the surfaces of the sample on each oscillation.  
 
Thin hydrogel films were synthesized onto modified glass slides via photopolymerization 
using two lamps with different power densities. Prior to AFM analysis, the films were washed with 
AcOH/SDS solution, NaCl (aq) and milliQ water. In a first instance, AFM images of swollen 
hydrogels synthesized with the lamp having the lowest power were recorded. AFM image 
corresponding to HEMA 7/30 hydrogel shows a surface pore distribution between 270 nm and 1 µm 
(see Figure 29a). The statistical analysis of the image yielded a mean size of 558 ± 160 nm. The 
same characterization performed on SEMA 5/50 revealed much smaller porous network, comprised 
between 10 and 60 nm, with a mean value of 31 ± 12 nm (see Figure 29b). We could observe in 
Figure 24 and Figure 26 that the measurements of pore size by cryoSEM are correlated with AFM 
images of the hydrogels. The pore size average of HEMA 7/30 is around 300 nm and 1 µm 
determined by both techniques. Moreover, SEMA 5/50 shows a pore distribution around 60 nm 
either by AFM or CryoSEM.  
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Figure 29. Contact mode, liquid AFM image of a) HEMA 7/30 hydrogel, 20 x 20 µm2 scan and b) SEMA 5/50 
hydrogel, 0.5 x 0.5 µm2 scan. Hydrogels were synthesized using a lamp with a power density received by the sample of 
28 mW/cm2.  
 
The three formulations 5/50 were synthesized using the lamp with a higher power density 
(150 mW/cm2), washed in the same manner than the above films and the samples were analyzed in 
swollen state by AFM. Figure 30 displays the AFM images for the three formulations showing two 
well differentiate porosity distributions, one at 50-100 nm, and the other much larger at 200-300 
nm. The second population found in these samples was not clearly observed in SEMA 5/50 
hydrogel shown in Figure 29b. From our point of view, the reason of this discrepancy might come 
from the different light density. It is well known that depending on the power of irradiation the 
polymerization is faster and the final structuration of the hydrogel can be affected.[104] 
Contradictorily, cryofracture analyses in Section III. 3. 1. 1., were performed with hydrogels 
synthesized using the lamp with high power. In such analyses, the second population was not 
observed in high percentage. Therefore, the reason is still unclear and further experiments are 
needed.  
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Figure 30. Contact mode, liquid AFM image of a) SEMA 5/50, b) HEMA 5/50 and c) AEMHC 5/50. Hydrogels were 
synthesized using a lamp with a power density received by the sample of 150 mW/cm2. The top-side images are 10 x 10 
µm2 scans and the bottom-side images are 2x 2 µm2 scans. 
 
III. 3. 3. Thermoporometry by Differential Scanning Calorimetry (DSC) 
Thermoporometry is a quantitative technique which allows the determination of the pore 
size and pore size distribution in a wide range of (meso) porous materials. This technique is based 
on the melting or solidification point temperature (Tm) depression and the Gibbs-Thomson effect 
shown by a solvent constrained within pores. Gibbs- Thomson effect can induce a strong depression 
of the freezing point of liquids dispersed inside thin porous materials. 
Thermoporometry has been successfully developed as a complementary technique to 
determine the pore size of different porous materials such as alumina, [105] silica gels,[106, 107] and 
polymer membranes.[108] Moreover this technique has been applied to softer porous materials such 
as cellulose films[109]  and hydrogels.[110, 111] 
In 1955, Kuhn et al.[112]  were the first to report that the transition temperature shift, ∆T, is 
correlated to the size of the pores Rp in which the solvent is confined. They proposed to use 
differential scanning calorimetry (DSC) to measure ∆T. Defay et al.[113] in 1966 presented a 
thorough study based on the phase behavior of a liquid within pores. Some years later, in the 70’s, 
these concepts were used by Fagerlund[114] and Brun et al.[105] The latter characterized pores in 
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inorganic and isotropic materials and made a theoretical basis for thermoporometry. The theoretical 
principle is based on the interrelation between the solid, liquid and gas interfaces and the 
equilibrium of a pure substance. Once the pore is filled with a solvent, the triple point temperature 
depends on the surface curvature between the solid-liquid interfaces. The triple point temperature 
was found lower when the liquid was inside the pore. They assumed that the thickness of the 
molecule layers (8 Å for water) which are in contact with the pores walls is not affected by the 
solidification. They established then that the transition temperature shift (∆T) and the heat flow 
(dq/dt) recorded by calorimeter in the experiments, can be used to calculate the pores size Rp 
(eq.(8))  and the pore size distribution (eq. (9)) [105] in which the solvent is confined, 
 
                      
∆T
BA(nm)  Rp −=                       ∆T=Tm-To                         eq. (8) 
 
where Tm and To are the solidification temperature of the solvent confined in the porous network 
and bulk solvent respectively. A and B are empirical constants experimentally determined in two 
solvents, water and benzene by Brun et al.[105] (see Table 11).  
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where k is a calibration constant, dq/dt is the heat flow recovered by DSC (J/g), m is the sample 
weight (g), v represents the heating rate (K/s), ρ=water density and ∆Ha (eq.(10)) is the apparent 
melting enthalpy of water (J/s) , 
 
                                                  
21))(( TDTCHJgTH fa ∆+∆+∆=∆ −                         e.q. (10) 
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where fH∆ is the melting point of the solvent, which is 332 J/g in the case of water and C and D are 
also empiric constants determined experimentally as A and B. The large value in fH∆ provides high 
sensitivity to detect small pores by this technique. 
In our study, the pore radius is calculated assuming spherical pores and the values of the 
four constants (A, B, D and C) were taken from Table 11 taking into account that water was used 
and the measurements were made in cooling. 
 
A (nm) B (nm K) C (J g-1 K-1) D (J g-1 K-2) 
 
Water, heating in 
cylindrical pores                                         
0.68 32.33 11.39 0.155 
 
Water, cooling or 
spherical pores                                      
0.57 64.67 7.43 0.0556 
 
Benzene, heating in 
cylindrical pores                                      
0.92 65.8 2.94 0.0273 
 
Benzene, cooling or 
spherical  pores 
 
0.54 131.6 1.76 0.00887 
 
  
Table 11. Values for constants in Eqs (8) and (9).[105] 
 
III. 3. 3. 1. Results 
• Transition Temperature Shift, ∆T Dependence on Scan Rate 
The scanning rate of cooling is a very important parameter in thermoporometry. This 
parameter was also studied by different authors.[109, 115, 116] In order to study its influence, 
thermograms were performed at 0.1, 0.5, 1.0, 2.0, 5.0, 10, and 20.0 K/min. The non imprinted 
hydrogels (NIP) studied were synthesized by redox polymerization. Thermograms carried out at 1 
K/min showed two peaks whereas only one peak was observed for other scan rates (see Figure 31). 
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Figure 31. DSC cooling curve for HEMA 7/30 hydrogel, a) 0.5 K/min scan rate and b) 1 K/min scan rate. 
 
Figure 32 shows a typical thermogram obtained for the hydrogels, using a scanning rate at 1 
K/min. The largest peak corresponds to the free water solidification (To), while the small one is the 
bound water within the pores (Tm). Two exotherms were observed for HEMA 3.5/34.4 hydrogel 
synthesized by redox polymerization, one peak at 259.8 K corresponding to the bulk water and one 
peak at 258 K ascribed to the water in pores. By using eq. (8) the calculated pore size was 37 nm. In 
the same manner, DSC measurements were performed for HEMA and SEMA hydrogels. The 
results of To, Tm and the pore size Rp obtained for these materials are summarized in Tables 12 and 
13. Generally, a poor reproducibility of results was obtained. The possible reasons for this fact will 
be discussed below in section III.2.3.2. 
 
 
Figure 32. Heat flow vs. temperature plot in cooling step for HEMA 3.5/34.4. Cooling rate at 1 K/ min. 
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Table 12. Result summary of NIP HEMA hydrogels synthesized via redox polymerization.  
 
 
 
 
 
 
 
 
 
 
Table 13. Result summary of NIP SEMA hydrogels synthesized via redox polymerization.  
 
The pore size distributions for the two families of hydrogel were determined following 
eq.(9) and using the heat flow measurements (see Figure 33). 
 
 
 
SAMPLE 
 
GEMA 
% 
 
HEMA
% 
 
PEG 
% 
 
mBisA 
% 
To 
(ºC) 
Tm 
(ºC) 
PORE SIZE 
Rp 
 
HEMA3.5/34.4 
 
 
62 
 
3.5 
 
17.2 
 
17.2 
 
-13.2 
 
-14.9 
 
~37 nm 
 
HEMA  5/50 
 
 
45 
 
5 
 
25 
 
25 
 
-6.4 
 
-8.6 
 
~28 nm 
HEMA 7/30 
 
 
63 
 
7 
 
10 
 
20 
 
-6.5 
 
-11 
 
~14,8 nm 
 
SAMPLE 
 
GEMA 
% 
 
SEMA 
% 
 
PEG 
% 
 
mBisA 
% 
To 
(ºC) 
Tm 
(ºC) 
PORE SIZE 
Rp 
 
SEMA 3.5/34.4  
 
62 
 
3.5 
 
17.2 
 
17.2 
 
-5.6 
 
10.1 
 
~15 nm 
 
SEMA 5/50  
 
 
45 
 
5 
 
25 
 
25 
 
-5.6 
 
17.2 
 
~8.2 nm 
 
SEMA 7/ 30  
 
63 
 
7 
 
10 
 
     20 
 
-5.5 
 
16.2 
 
~6.6 nm 
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Figure 33. Pore size distribution measurements from DSC experiments carried out during cooling, a) HEMA hydrogels 
and b) SEMA hydrogels. 
 
• Transition Temperature Shift, ∆T Dependence on Heating or Cooling Process 
The pore size can be also determined by the melting point temperarute as described in the 
literature. Therefore, heating experiments were performed to corroborate the values of pore size 
presented above. In addition, these experiments were carried out in order to find a better 
reproductibility in the results. 
 
 
Figure 34. Heat flow vs. temperature for HEMA 7/30 hydrogel, a) heating/cooling curve b) zoom of heating curve. The 
scanning rate is 1 K/min. 
 
As we can observe in Figure 34b, the heating curve exhibits one peak with two shoulders, 
hence, two different melting points could exist in the system. However, the peaks are very close to 
validate this suggestion. Diverse experiments such as variation of the scanning rate or temperature 
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range have been carried out to improve the peaks separation; nevertheless, no satisfactory results 
were obtained. 
 
• Polymerization Process dependence on Thermograms 
Other hydrogels were synthesized by photopolymerization. The materials were then 
analyzed by DSC under the same conditions as the previous experiments. Surprisingly, the resulting 
thermograms displayed unusual peak shapes. Looking at the cooling curve in the thermogram of 
AEMHC 7/30 hydrogel (see Figure 35c), two peaks were observed. Figure 35c shows the 
solidification peaks at 262 K for the smaller peak and 260 K corresponding to the largest peak. 
Comparing with the results obtained for hydrogels synthesized by redox initiation, the first peak 
(bulk water) should be larger than the second one. The heating curve (see Figure 35b) exhibits one 
peak with two well definite shoulders. The discrepancy between results reveals once again the 
difficulty of pore characterization by this technique. 
 
 
Figure 35. Thermogram represents AEMHC 7/30, a) heating/cooling curve, b) zoom of heating step and c) zoom of 
cooling step. The scanning rate is at 1K/ min. 
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  III. 3. 3. 2. Discussion 
Several authors define the water states in polymers in three categories: 
 (i) Free water; the molecules are not bound to the hydrogel (outside the pores), having a 
melting/solidification point as the pure bulk water close to 273.15 K. 
(ii) Freezable bound water; water within the pores which weakly interacts with the hydrogel 
structure. The solidification point is lower than the bulk water. 
(iii) Non-freezing bound water; water bound to the hydrogel wall which does not freeze.[91] In fact, 
it is defined as the difference between the total water and water (i) and (ii). 
Based on this classification, the DSC curves obtained for the hydrogels suggest different 
points of discussion. Concerning the first peak in the cooling curves, temperature values from 260 
K to 268 K were found. This peak is attributed to the freezing excess of pure bulk water; however 
the values are shifted from the normal solidification water point. Supercooling effect is well known 
for pure bulk water. Depending on experimental conditions the water can freeze at temperatures 
below of 273.15 K.[116] The solidification peak at a range from 258 K to 265 K is ascribed to the 
freezing water inside the mesopores. Our experiments resulted in a low reproducibility of 
solidification peaks, which in turn makes it difficult to obtain a precise pore size. This low 
reproducibility may be explained by the following:  
          (1) Hydrogel structure: according to the work carried out by Iza et al,[110] different pore 
sizes for poly (N-(2-hydroxypropyl)methacrylamide) hydrogels (PHEMA) were obtained depending 
on the heterogeneity and fragility of the hydrogel structure. In other words the pore size at the 
centre of the sample may not be the same as that found at the edges which also results in incoherent 
DSC thermograms. It is important to mention that our cuts were carried out by hand which may also 
lead to hydrogel damage. 
 (2) Pore deformation: the ice crystal formation during nucleation confined in the pore can 
modify and damage the porous hydrogel structure, producing misleading  information.[117]  
  (3) Liquid-matter interaction: in hydrophilic materials, a specific interaction can take place 
between the liquid (water) and the walls of the pore. The nature of this interaction is unknown and 
can lead to ambiguous interpretation of the DSC thermograms.[92] 
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 (4) Experimental conditions: the scanning rate is a very important factor as mentioned 
before. A large range of scan rate (from 0.1 K/ min to 20 K/ min) was used to perform the DSC 
measurement; however, two exothermic peaks were observed only when 1K / min was applied. On 
the other hand in the heating scan, no separate peaks were found. The scanning rate is a parameter 
which is specific for each system, therefore no general methodology can be used even for systems 
in the same solvent. Some authors such as Landry[92] observed that the sample size affected the 
shape of the thermograms. In this investigation, no effect of the sample size was observed. 
 The hysteresis between the melting and solidification thermograms depends on the shape of 
the pores.[105] In the case of symmetric spheres, the hysteresis of the curves overlaps. This is due to 
the fact that the contact angles inside the pores are constant as the pore is filled, minimizing ∆T. 
The DSC thermograms for the hydrogel show a displacement between the melting and solidification 
curve, which means that the pores in the hydrogel structure are not spherical. This fact was already 
observed in section III. 3. 1. 1., where the cryoSEM photographs showed a heterogeneous structure 
with oval pores. However, the pore size (Rp) was calculated assuming a spherical geometry, leading 
to an inaccuracy of pore size values.    
Thermoporometry is a technique which allows the determination of pore size in the presence 
of a solvent. This technique is particularly efficient for hard materials with a well define and stable 
structure.  However, several difficulties arise to analyse the porous network of soft materials as 
hydrogels. The interpretation of the thermograms must be done carefully due the large amount of 
parameters which can have an influence on the results. Therefore, this technique can be considered 
as complementary. Compared to preceding experiments of electronic microscopy and AFM, 
thermopometry gave smaller values of pores size. This was expected since this DSC 
thermoporometry can reveal only pores below 200 nm. Large pores are more easily visible by TEM 
and AFM. 
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IV. General Conclusions 
In this chapter we have described the hydrogel synthesis and characterization. A typical 
hydrogel formulation is composed of two crosslinkers and two monomers. Three different series of 
hydrogels referenced as 7/30, 3.5/34.4 and 5/50 with varying compositions content were 
synthesized via redox and UV polymerization.  
- The hydrogels were synthesized in less than 15 minutes upon UV irradiation versus 30 
minutes for hydrogels synthesized via redox initiation. Therefore, the chosen process for the 
hydrogels synthesis in the next sections will be UV polymerization.  
-The final hydrogels were transparent and homogeneous, which is essential for the final 
application.  
- By piezorheometric experiments, the formulation 5/50 showed the best mechanical 
properties (105 Pa against 104 Pa for 7/30 formulation). Accordingly, this formulation is the 
preferred one for hydrogel nanostructuration (Chapter II) 
- Finally, the determination of pore distribution by different microscopic methods (cryoSEM 
and AFM) showed that the pore size varies with the hydrogel formulation.  
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Synthèse  
Etant donné que les polymérisations ont dû être faites à température ambiante, deux 
systèmes d'amorçage ont été testés soit par des réactions redox ou soit par voie photochimique. 
Dans le premier cas, les hydrogels ont été synthétisés par polymérisation radicalaire en présence de 
persulfate d'ammonium (NH4)2S2O8 et de thiosulfate de sodium Na2S2O3 pour l'amorçage redox. 
Dans le second cas, un photoamorceur, la 2-hydroxy-4'(2-hydroxy-éthoxy)-2-méthylpropiophénone 
(HHMP) ou la Bis-acyl-phosphine (BAPO) ont été employés avec un rapport de 1% molaire (voir 
Figure 1). 
 
 
Figure 1. Photoamorceurs. 
 
Différentes formulations ont été évaluées, selon les rapports entre les monomères et le type 
de monomères. En effet, des monomères neutres, chargés positivement ou négativement ont été 
testés dans les hydrogels (voir Figure 1 et Tableau 1). Le composant principal de toutes les 
formulations est le glucosyloxyéthyl méthacrylate (GEMA). Ce monomère a été choisi pour 
apporter à la fois une bonne hydrophilie au polymère, pour former de nombreuses liaisons 
hydrogène avec les protéines et minimiser leur dénaturation en maintenant un environnement 
fortement hydraté. Les trois autres composants hydrophiles (voir Figure 2) dans les hydrogels 
étaient soit neutres (HEMA– hydroxyethyl methacrylate), positifs (AEMHC- aminoethyl 
methacrylate hydrochloride) ou négatifs (SEMA- sulfoethylmethacrylate), afin de fournir des 
interactions plus spécifiques en fonction de la protéine visée utilisée. Du fait de ces différentes 
interactions, il est probable qu'il existe une formulation optimale pour chaque type de protéine. C'est 
pourquoi nous avons décidé d'évaluer différents mélanges de monomères, en prévision de 
l'interaction avec différentes catégories de protéines.  
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Figure 2. Monomères et agents de réticulation utilisés dans cette étude. 
 
A partir des tests préliminaires, nous avons choisi trois formulations différentes pour chaque 
monomère fonctionnel référencées 7/30, 3.5/34.4 et 5/50 (voir Tableau 1). Une formulation typique 
est composée de deux agents de réticulation et de deux monomères. Pour toutes les formulations, la 
solution obtenue dans un tampon phosphate était homogène et transparente, montrant une bonne 
solubilisation et une bonne miscibilité de tous les monomères, agents de réticulation et amorceurs.. 
Les polymères synthétisés par amorçage redox ont été obtenus en mélangeant tous les 
composants, en déposant la solution sur une lame de verre fonctionnalisée par des méthacrylates. 
Dans tous les cas, ces conditions ont conduit à la polymérisation et la réticulation en un temps 
typique d'environ 30 minutes. Dans aucun des cas nous n’avons observé de séparation de phase 
macroscopique. Tous les matériaux ont été transparents ou translucides. Les mêmes formulations 
ont également été photopolymérisées. La réaction a été effectuée avec une lampe au xénon à 28 
mW/cm2. La réaction a été réalisée à l'air et à température ambiante. Le temps de polymérisation 
signalé donne une évaluation qualitative de l'état de réticulation. Ces premières expériences ont 
montré que presque toutes les formulations présentées ici ont conduit à des films réticulés 
transparents et uniformes sur le support solide en ca. 10-15 minutes. 
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Formulation  HEMA 
(mol%) 
GEMA 
(mol%) 
SEMA 
(mol%) 
AEMHC 
(mol%) 
Bisacrylamide 
(mol%) 
PEG 
DMA 
(mol%) 
HEMA7/30 7.0 63.0 - - 20.0 10.0 
HEMA3.5/34.4 3.5 62.0 - - 17.2 17.2 
HEMA5/50 5.0 45.0   25.0 25.0 
SEMA7/30  - 63.0 7.0 - 20.0 10.0 
SEMA3.5/34.4 - 62.0 3.5 - 17.2 17.2 
SEMA5/50 - 45.0 5.0 - 25.0 25.0 
AEMHC 7/30 - 63.0 - 7.0 20.0 10.0 
AEMHC3.5/34.4 - 62.0 - 3.5 17.2 17.2 
AEMHC 5/50 - 45.0  5.0 25.0 25.0 
Tableau 1. Formulations des hydrogels. 
 
Pour chaque système, la conversion a été évaluée par la fraction de gel, mgel séché/ minitial (voir 
Tableau 2). Comme prévu, la formulation "7 / 30" avec le plus bas ratio de réticulant montre la 
fraction plus faible gel, entre 33 et 56%. Dans la littérature, des fractions de gel sont très différentes 
d'un hydrogel à l'autre et sont décrites comme pouvant varier entre 40 et 100%.[1-5] Les formulations 
"5 / 50" ont présenté les meilleures fractions de gel (60-65%), correspondant au rapport le plus 
élevé de réticulant. Aucune différence significative n'a été observée entre les amorçages redox ou 
UV ou entre les différents monomères.  
Formulation Fraction Gel 
Redox 
Fraction Gel 
hʋ 
HEMA7/30  0.43 0.47 
HEMA3.5/34.4  0.5 0.54 
HEMA5/50  0.65 0.6 
SEMA7/30  0.33 0.38 
SEMA3.5/34.4  0.52 0.36 
SEMA5/50  0.6 0.62 
AEMHC7/30  0.54 0.56 
AEMHC3.5/34.4  0.55 0.53 
AEMHC5/50  0.65 0.64 
Tableau 2. Fraction gel des hydrogels. 
 
Une caractérisation complète de l'hydrogel a été effectuée par piézorhéometrie et 
microscopies.Tout d'abord, la piézorhéometrie nous a permis d'étudier les propriétés mécaniques et 
la cinétique de formation des hydrogels. Cette étude a fourni des informations importantes sur les 
gels formés à partir des trois formulations (série 5/50, 3.5/34.5 et 7/30) des mélanges de 
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monomères. Selon la concentration de composants, le module de cisaillement des gels peut varier 
de 104 Pa à 8x105 Pa. Le temps de polymérisation pour les hydrogels est d’environ 1 heure avec une 
intensité lumineuse de 0,5 mW cm-2. Dans les expériences qui ne concernent pas les mesures 
rhéologiques, c'est-à-dire la préparation directe des films avec ou sans nanostructuration, la lampe 
employée est 300 fois plus puissante. On a donc extrapolé ce résultat en estimant que la 
polymérisation devrait être complète en quelques secondes dans ces conditions de mise en forme. 
Par conséquent, dans les expériences suivantes nous irradierons l'échantillon pendant 3 minutes 
pour assurer une polymérisation complète. En outre, les expériences de piézorhéometrie nous ont 
permis de choisir l'amorceur le plus efficace pour nos systèmes, qui est la HHMP. Enfin, afin 
d'obtenir des gels uniformes et complètement réticulés, un échantillon mince est nécessaire 
(épaisseur ~20 µm pour les formulations 5/50 et 3.5/34.4 et ~ 60 µm pour la formulation 7/30). 
Nous avons également examiné les propriétés de gonflement de tous nos matériaux 
hydrogels dans l'eau pure, un tampon phosphate à pH 7,4 et un tampon phosphate en présence de 
NaCl (0,145 M). Les résultats (voir Tableau 3) montrent des taux de gonflement entre 2,5 et 4,9 
pour l'ensemble des compositions. Ce taux ne varie que légèrement avec le processus d'amorçage, 
ce qui était également le cas pour la fraction de gel. De même, il ne varie pas fortement avec le 
changement de solvant. Ce fait est une conséquence de la teneur relativement élevée en agent de 
réticulation, par rapport à d'autres hydrogels classiques utilisés pour leurs propriétés super 
absorbantes.[6] D’une façon générale, les formulations à faible fraction de gel présentent un taux de 
gonflement légèrement supérieur (HEMA 7/30 Redox , SEMA 7/30 Redox). En raison de la 
quantité limitée de monomères fonctionnels dans les gels, il n'y a pas de différence marquée entre 
les formulations. Cela explique aussi les valeurs proches obtenues dans du tampon phosphate ou en 
présence de sel, contrairement à des polyélectrolytes classiques. Pour une application comme 
capteur, la limitation de gonflement de l'hydrogel est un avantage, car cela permet de garder les gels 
dans une géométrie similaire entre l'état humide et sec. De plus, l'introduction de monomères 
fonctionnels chargés n'influence pas le taux de gonflement de l'hydrogel. 
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   Formulation 
Taux de gonflement 
dans  PBS 
Taux de gonflement 
dans PBS + NaCl 
 
Taux de gonflement 
dans l’eau 
 
Redox hʋ Redox hʋ Redox hʋ 
HEMA 7/30 4.4 3.4 4.1 3.3 5.1 3.8 
HEMA 3.5/34.4 3.4 3.4 2.4 3.3 2.9 3.9 
HEMA 5/50 3.4 3.5 3.0 3.4 3.4 4.0 
    
SEMA 7/30 4.9 3.8 3.4 3.4 4.5 3.8 
SEMA 3.5/34.4 2.8 3.8 3.3 3.2 3.6 4.1 
SEMA 5/50 3.6 3.6 2.7 3.5 2.9 4.1 
    
AEMHC 7/30 2.8 2.6 2.5 3.0 3.1 2.6 
AEMHC 3.5/34.4 3.2 3.4 3.3 2.7 3.0 3.6 
AEMHC 5/50 3.1 3.0 3.1 2.7 3.0 2.9 
    
SEMA/AEMHC 
7/30 
3.2 2.9 2.9 2.9 3.3 2.9 
SEMA/AEMHC 
3.5/34.4 
3.6 3.6 2.9 3.2 3.8 3.6 
SEMA/AEMHC 
5/50 
3.7 3.0 2.7 3.0 3.8 3.1 
Tableau 3. Taux de gonflement des hydrogels. 
 
La structure poreuse des hydrogels a ensuite été analysée par CryoSEM révélant une taille 
des pores entre 300 et 1000 nm pour HEMA 7/30 (voir Figure 3). Pour la série, SEMA5/50, HEMA 
5/50 et AEMHC 5/50, une taille moyenne de pores de 60-80 nm a été enregistrée (voir Figure 4). 
 
 
Figure 3. Observation d’une coupe  d'hydrogel HEMA7/30 en Microscopie Electronique à Balayage après cryofracture. 
Grossissement x7500. Barre d'échelle 1 µm. L'hydrogel a été synthétisé en utilisant une lampe avec une densité de 
puissance reçue par l'échantillon de 28 mW /cm2. 
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Figure 4. Images SEM (MEB ?)après cryofracture de a) AEMHC 5/50, b) HEMA 5/50 et c) SEMA 5/50. Barre: 
100nm, grossissement x40000 et au-dessous leurs histogrammes correspondants représentant la distribution de la taille 
des pores. Les hydrogels ont été synthétisés en utilisant une lampe avec une densité de puissance reçue par l'échantillon 
de 150 mW/cm2. 
 
 Les hydrogels HEMA 7/30, SEMA 5/50, HEMA 5/50 et AEMHC 5/50 ont été aussi 
analysés par spectroscopie AFM. HEMA 7/30 et SEMA 5/50 ont d'abord été synthétisés en utilisant 
une lampe de 28 mW/cm2 et les images AFM ont montré une porosité moyenne de 558 nm et 31 nm 
(voir Figure 5), respectivement, ce qui concorde avec les valeurs montrées par SEM.  
 
 
Figure 5. Image AFM en milieu liquide en mode contact, a) HEMA 7/30 hydrogel, scan 20 x 20 µm2 et b) SEMA 5/50 
hydrogel, scan de 0,5 x 0,5 µm2. Les hydrogels ont été synthétisés en utilisant une lampe avec une densité de puissance 
reçue par l'échantillon de 28 mW/cm2. 
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Néanmoins, les images AFM correspondant à SEMA 5/50, HEMA 5/50 et AEMHC 5/50 
synthétisés en utilisant une lampe avec une puissance plus élevée (150 mW/cm2) ont montré deux 
distributions de porosité, l'une à 50-100 nm, et une autre vers 200-300 nm (voir Figure 6).  
 
 
Figure 6. Image AFM en milieu liquide en mode contact, de a) SEMA 5/50, b) HEMA 5/50 et c) AEMHC 5/50. Les 
hydrogels ont été synthétisés en utilisant une lampe avec une densité de puissance reçue par l'échantillon de 150 
mW/cm2. Les images du haut sont des scans de 10 x 10 µm2 et les images du bas sont des scans de 2x 2 µm2. 
 
En conclusion de ce chapitre, les hydrogels synthétisés par notre protocole remplissent 
convenablement les conditions nécessaires pour une bonne préparation des polymères à empreinte 
de protéine. 
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I. Bibliographic Introduction 
  The development of miniature biochips is of great interest due to their potential coupling 
with electrical and optical devices. The reduced size of such chips allows multiplication of 
information extracted with one device through parallel analysis leading to high speed and 
efficiency. However, since miniature biochips involve a very small amount of sample, the device 
sensitivity needs to be very high. Hence, this technology is regarded as an advanced, high-
resolution and low cost detection technique.[1]  
  Several techniques are being developed in the design of new generation micro- and nano-
devices. The techniques can be classified in two mains groups: 1) so-called conventional imprinting 
techniques such as photolithography and scanning beam lithography and 2) next generation 
lithography techniques including nanoimprint lithography (NIL), soft-nanoimprint lithography and 
microcontact printing (µCP). In this section we describe some of the existing nanostructuration 
techniques.  
The term imprinting covers different significant throughout this manuscript. We thus want to 
focus here on the use of this term in different contexts. Primarily, molecular imprinting is the 
technique used to synthesize molecularly imprinting polymers (MIPs) with specific molecular 
recognition cavities. In a second case, micro/ nanostructuration using imprinting technology creates 
well organized micro/nanoshapes on a material replicated from a mold. And a third case, 
microcontact printing involves the deposition of molecules on a surface in a well organized 
micro/nanosize. 
  
I. 1. Conventional Imprinting Techniques 
I. 1. 1. Photolithography  
 Photolithography is an optical technique which consists in transferring a pattern design from 
a chromium mask onto a layer of photosensitive material at the surface of silicon, quartz or glass 
wafer. Since the seventies, photolithography by projection (see Figure 1) has been used. The 
technique relies on using a mask which is some centimeters away from the substrate and lenses are 
positioned between them.[2] This technique improves the previous ones (contact or proximity), 
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primarily because it avoids the mask degradation by contact with the resist and secondly because 
the introduction of the lenses reduces the size of the patterns reproduced at the surface of the wafer.  
 
 
 
Figure 1. a) Schema of pattern transferring onto wafer surface by projection of a mask (adopted from ref [3]) and  b)  
image of the final silicon mask design carried out by Jean-Baptiste Doucet at LAAS Laboratory.  
 
  Briefly, this technique consists in preparing the surface of the wafer for the subsequent spin 
coating of the photosensitive material. For silicon mold fabrication, this operation consists of first 
cleaning the silicon surface by a standard piranha solution (H2SO4: H2O2), followed by an oxygen 
plasma treatment to burn off any possible organic contaminants remaining from any previous 
processing of the wafer. The light-sensitive material, often a polymer and also called photoresist, is 
then spin coated onto the wafer. The parameters for the spin coating are chosen so as to control the 
thickness of the photoresist. Upon illumination at a specific wavelength, the photoresist exposed to 
the light source undergoes chemical changes that affect its solubility in a developer solution (often a 
strong detergent). In one case, photoresist areas that are unexposed due to the presence of the mask 
on the light beam path, remain unchanged and do not dissolve in the developer solution. Hence 
these areas, reproduce the design on the mask into the photoresist layer. This material is called a 
positive resist. Another kind of photoresist exist and is such that, the unexposed region is dissolved 
in the developer solution. In this case, the material is called a negative resist, providing the inverse 
of the mask design (see Figure 2).  
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Figure 2. Schematic illustration of the fabrication of patterned surface in hard materials by conventional 
photolithography. 
 
  In order to obtain the desired device a final process should be carried out. Two optional 
processes exist; the first is the wet- or dry-etching process (see Figure 3). Wet-etching process 
consists in a selective removal of material by introducing the substrate in a specific solution. Dry-
etching process lies on dissolving the material by using ion-bombardment. The most commonly 
used dry-etching process is the Reactive Ion Etching (RIE) which is carried out inside a reactor with 
circulating gases in the plasma state. Accelerated ions are formed from the gas under 
electromagnetic excitation which attacks the surface. SF6 and C4F4 are usually used for the etching 
of silicon surface. Compared to wet etching, RIE has higher anisotropy, in other words better 
uniformity and control, and better etching selectivity. The etched depth will depend on the etching 
time. The second process to finish the silicon master is based on using the photoresist as a template 
in which a thin layer (usually metal) is deposited (see Figure 3). The resist is then removed by a 
washing step called “lift off”. Only the part of the layer which is in contact with the surface remains 
attached.[4]  
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Figure 3. Schematic illustration of the final processes in patterned substrate fabrication (by etching or film deposition).  
 
The patterns resolution in photolithography is limited by several parameters of the optical 
system and the resist. The minimum feature that may be printed with an optical lithography system 
is determined by the Rayleigh equation:[5] 
 
                                                         	 = 	1×


                                             eq. (1) 
 
where R is the resolution factor, k1 is a dimensionless scaling parameter (dependent of the optical 
elements used, the types of the mask and the resist), λ is the exposure wavelength and NA is 
defined as projector numerical aperture (i.e. diameter of the lenses). In order to acquire a better 
resolution, an increase of the aperture or a decrease in wavelength or k1 must be performed. 
Nowadays, UV light sources with shorter wavelengths at 248 nm (Krypton fluoride, KFr laser) or 
193 nm (deep Ultraviolet, Argon fluoride ArF laser) are used. Another possible laser is Fluorine 
Excimer laser (F2) with λ=157 nm, but is not yet completely developed because new materials to 
make the lenses and the resist are needed. The amplification of the numerical aperture will require 
high-performance technology to increase the lenses diameter with an increase in the cost system. A 
reduction in k1 factor is achieved using chemically amplified resists systems increasing the 
sensitivity to the exposure dose. The sensitivity enhancement is achieved by generating 
photochemical event by irradiation, which induces a cascade of chemical transformations in a resist 
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film, improving the resolution on the mask.[6] The pattern sizes created on the material will 
therefore depend of the chemical formulation of the resist employed (molecular size) and on the 
diffusion wavelength of the source used in the exposure step. Patterns of a few tens of nanometer 
spaced by similar distances can be reached reproducibly. One of the more recent system 
improvements was the introduction of a stepper device, in which the projected light passes through 
refractive lenses and the substrate is patterned by subsequent light exposures, thus reducing even 
further the patterns size. 
 
I. 1. 2. Scanning Beam Lithography 
   There are two main classes of scanning beam lithography, using focused electron or ion 
beam. These techniques generate patterns by writing serially pixel by pixel on the photoresist 
directly onto the substrate without mask or by modulation of the exposing beam through the mask 
and electrostatic or electromagnetic lenses.[7, 8] They provide sub-50 nm resolution patterns with 
wide flexibility in terms of imprinted patterns geometry. Moreover, patterns with lateral dimensions 
down to ~5 nm have been already reported.[9] Nonetheless, these processes create the patterns at a 
slower speed than by photolithography. Scanning beam lithography can produce patterns with a 
very high resolution; however, it requires delicate and long serial processes with an expensive 
instrumentation in a clean room. Such conditions can limit the use at a research laboratory scale and 
therefore their employment is basically focused to manufacturing the primary (hard) master which 
will be then used to prepare a second (soft or hard) master.  
To reduce the size of the patterns, emergent technologies are in development process, such 
as extreme UV and nanoimprint lithographies as we describe in the following section. 
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I. 2. Next Generation Imprinting Lithography 
In this section we will briefly describe some of the techniques employed to improve the 
pattern resolution. 
 
I. 2. 1. Extreme Ultraviolet Lithography (EUV) 
EUV lithography is an optical lithography technique by projection which utilizes a high-
energy photon beam at a wavelength of 13.4 nm (100 eV).[10] The main difference between 
photolithography and EUV lithography arises from this wavelength radiation. The photoreceptors 
used in photolithography are not adapted to transmit the short light wavelength (13.4 nm) used in 
EUV lithography. Hence, the optical elements such as lenses and mask are replaced by a reflection 
system. The latter is composed by mirrors coated with molybdenum and silicon (Mo/Si) multilayers 
to obtain Bragg reflectors in order to maximize the reflectivity signal near normal incidence. In 
addition, the process is carried out under vacuum because other gases (e.g. air) are also absorbents 
of the EUV radiation. By using EUV lithography, features as small as 15 nm can be obtained due to 
its short wavelength;[11, 12] however, again several developments in the processing technique are 
required, such as a new resist and mask, for the application in EUVL.[12] 
 
I. 2. 2. Nanoimprint Lithography (NIL) 
  This emerging method is a low-cost, high-throughput technique providing simple 
approaches for fabrication of micro- and nanostructures by topographic contrast onto a material 
surface. NIL involves a mold with tridimensional patterns on the surface which are transferred into 
a material by mechanical contact. Among these techniques,[13]  we mention here exclusively 
ultraviolet curing and thermal nanoimprint lithography (UV-NIL and T-NIL respectively). Hard 
pattern masters are commonly used in nanoimprint lithography such as silicon or quartz. The 
advantage of using hard molds lies in their nanoscale feature stability with minimal local 
deformation. In addition, they are resistant to the temperature required to crosslink the polymers and 
they are chemically inert to the polymer precursors. An important factor for obtaining suitable 
patterns transfer is the release of the replica from the silicon or quartz. The release depends on the 
surface free energy of the master mold and the polymer replica. Usually the hard master surface is 
functionalized with fluorosilane compounds reducing the surface energy and minimizing the 
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adhesion of crosslinked polymer to the mold. This release layer will allow the separation of the 
polymer from the mold without the application of (mechanical) stress. A suitable release also 
provides the preservation of the original patterns and therefore improves life time of the master 
mold with higher throughput. Quartz is transparent to ultraviolet and visible wavelength whereas 
silicon is not. The advantage to use a transparent substrate is that the alignment of the mold is 
addressed according with polymer position by typical optical tools such as stepper.  
  Originally, nanoimprint by UV is a technique derived from the thermal nanoimprint 
lithography. We will therefore describe the thermal nanoimprint lithography and then the UV-NIL 
principle. We conclude this section with a comparison of both techniques.  
 
I. 2. 2. 1. Thermal Nanoimprint Lithography (T-NIL)  
  Thermal imprint lithography was first proposed by Chou et al.[14] In T-NIL, the topography 
pattern transfer of the hard mold template is carried out by pressing the mold into a thermoplastic 
polymer film, heating the system above the glass-transition temperature of the polymer (Tg) under 
high pressure (e.g 4.1 -13.1 MPa for PMMA) (see Figure 4).[15] These conditions are applied long 
enough to ensure filling of the mold with polymer. Chemical and mechanical interaction (e.g 
adhesion) between the substrate/ film and film/mold depend on the temperature. Therefore, 
demolding procedure requires an enough low temperature to successfully separate the film without 
deformation.[16] Hence, to minimize this mismatch, identical materials for the mold and substrate 
such as Si and GaAs (gallium arsenide) are usually employed. Once the temperature is below the 
Tg, the mold and polymer are then separated, obtaining the inversely replicated product. After 
imprinting the polymer film, further etching can be used to transfer the pattern to underlying 
substrates. 
  The pattern sizes on the replica are determined by the size of the imprinting mold patterns 
and this size can be as small as 10 nm line width.[17] The quality of the pattern transfer by this 
process depends on temperature, viscosity of the polymer in molten state, adhesion of the polymer 
to the mold, and pressure. The lifetime of the rigid mold is therefore limited due to the harsh 
process conditions exerting stress on the mold.  
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Figure 4. Schematic illustration of T- NIL process. On one hand a rigid mold (typically silicon) is prepared with a 
release layer, and on the other hand thermosplastic polymer is spin coated onto another substrate (e.g. Si or glass). 
Coated substrate is heated to a temperature above the Tg of the polymer and then the mold and the coated substrate are 
pressed together. When the mold and substrate are cooled to a temperature below the Tg, the pressure is withdrew and 
the mold is peeled off.  
 
I. 2. 2. 2. UV Nanoimprint Lithography (UV-NIL) 
  UV-NIL is a technique developed by Haisha et al.[18] from Philips Research Laboratories, 
based on the use of  a low viscosity photocurable prepolymer solution in which the patterned 
topography of a hard mold is transferred. Due to the low viscosity of the prepolymer, the process is 
carried out applying minimal pressure (see Figure 5). Once the mold template is lowered into a 
contact with the prepolymer solution (typically monomer mixture or prepolymer and photoinitiator), 
the latter fills the patterns of the mold and a residual layer is formed. Due to the formation of this 
residual layer, the alignment between the mold template and prepolymer on the substrate must be 
strictly parallel and flat to ensure a homogenous thickness. UV light is applied through the 
transparent mold template curing the prepolymer solution. The mold is then separated from the 
substrate obtaining the negative replica. Etching processes can be used to remove the residual layer. 
As for T-NIL technique the pattern size provided by UV-NIL process is determined by the 
imprinting mold topography size.  
 
 
Figure 5. Schematic illustration of UV-NIL technique. A UV-curable pre-polymer is placed onto a surface. The mold 
template is pressed into the prepolymer. The transparent mold is then illuminated by UV light at room temperature. 
Eventually, the mold is separated from the cured polymer.  
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  Several techniques derived from T-NIL and UV-NIL have been developed such as step & 
repeat including step & stamp (SSIL) (see Figure 6) and step & flash (SFIL) (see Figure 7) 
technologies. These techniques are currently applied in the industry; SSIL has been previously 
demonstrated by VVT Microelectronic center in Finland[19, 20] and SFIL was introduced in 1999 by 
Wilsons’s group in University of Texas at Austin.[21] The approaches consist in using a mold 
smaller than the desired surface to imprint. The process is then repeated several times in order to 
cover the entire surface with the patterns.  
 
 
Figure 6. Schematic illustration of the step and stamp imprint lithography principle. a) The thermoplastic polymer is 
first spin coated onto a surface. The mold is then positioned locally over a part of the thermoplastic and heated above 
the Tg of the material. The mold is pressed into the polymer which flows under pressure to conform to the patterns 
mold. b) The system is cooled down to fix the patterns. The mold is then separated and c) the mold is moved to a next 
position, and the imprinting sequence is repeated. 
 
 
Figure 7. Schematic illustration of the step and flash imprint lithography principle. a) Prepolymer mixture is “drop 
dispensed” onto the surface, and the mold is positioned over a drop with minimum pressure, b) the mold and pre-
polymer drop are then exposed to UV light, curing the polymer, c) the mold is separated and d) it is moved to the next 
position, and the imprinting sequence is repeated. 
 
The benefit to use step and repeat approaches lies in the possibility to create multilevels 
easily. In fact, in NIL “full wafer” technology, a mold with the same size than the surface to imprint 
is used. Hence, the alignment of the mold to cover the entire surface (200 mm or 300 mm of 
diameter) becomes more complicated than for smaller molds in which the control of alignment 
errors is reduced. In addition, conventional mold materials such as silicon or quartz may cause a 
poor contact problem, especially when the area is large or the resist is thin. Furthermore, the 
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production of a mold of 200 – 300 mm with nanometric patterns requires very complicated, long 
and expensive fabrication process. Once again, the use of smaller molds coupled with repetition 
equipment is advantageous. 
 
I. 2. 2. 3. Thermal NIL versus UV-NIL 
  As we have mentioned above, these techniques consist in the same principle of molding. 
The pattern size transfer to a material is only limited by the mold pattern size. However, UV-NIL is 
widely used due to its several advantages over T-NIL. UV-NIL uses monomer or prepolymer 
solution with a low viscosity at room temperature. The molding of the monomer is therefore faster 
and does not require applying high imprint pressures (typically 1 bar = 105 Pa) or elevated 
temperatures, without affecting the imprinted patterns and avoiding time consuming steps. On the 
other hand, in T-NIL process, the thermal cycles can produce distortion on the patterned film and 
the mold during demolding. As we have cited above, to reduce these distortions the mold and the 
substrate are usually made of the same matter. Materials such as silicon are opaque in the visible 
range hindering the alignment while UV-NIL employs transparent molds (e.g. quartz) to the visible 
range allowing a better alignment using the typical optic equipment. However, quartz is much more 
expensive than the molds for T-NIL. The sum of advantages provides to UV-NIL the requirements 
for layer-to-layer overlay alignment while in T-NIL, it is harder to control the mold changes from 
the heating cycles.  
  UV-NIL seems to improve the technology over T-NIL technique. In addition, the relative 
low-cost and the high-throughput of this technology make it a promising candidate for industrial 
applications. 
 
I. 2. 3. Soft Nanoimprint Lithography  
Soft lithographic techniques employ organic, soft materials to perform replication and 
pattern transfer. The term “soft” refers to the mold composition which is made of a soft transparent 
and flexible polymer such as crosslinked polydimethylsiloxane (hereafter to simplify we will 
mention it as PDMS). This approach is a promising method for replication patterning technologies, 
providing high throughput and does not require expensive equipment. Commonly, soft lithography 
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is used in replication rather than fabricating the master which still needs to be produced by 
conventional lithography. Due to the ability to achieve the conformal contact with a surface via soft 
molds, imprinting a full wafer in one-step is then possible, contrary to hard molds which need 
multiple imprinting (See Section I. 2. 2. 2). Figure 8 shows the different terms of mold used through 
this section in order to better understand the following processes.   
 
 
Figure 8. Schematic illustration of different terms of molds.  
 
PDMS soft molds are the most commonly used for soft lithography, due to silicones 
beneficial properties. PDMS is unreactive towards most materials including molds and polymers 
and compatible with various solvents. In addition, PDMS has a high gas permeability and high UV 
transparency above 280 nm. It is easy to handle and its flexibility makes it adaptable to non-planar 
surfaces.[22] PDMS is a durable elastomeric material, hence the mold can be used hundreds of times 
without suffering any degradation or loss on performance.[23] The low surface free energy          
(21.6 *10-3 J m-2) and flexibility in the mold facilitate the release from the masters and replicates 
without cracking, allowing the mold to endure multiple imprinting steps without damaging fragile 
features. However, in certain cases, the low surface free energy is not enough to obtain a good 
release. In order to further decrease the surface free energy, the PDMS surface can be 
functionalized with fluorosilane compounds. Despite the beneficial properties of PDMS, low 
pattern resolution is generally obtained at the nanometric scale. In fact, below a pattern size of 100 
nm, the pattern resolution becomes poor. This is due to the generation of defects during mold 
preparation or during the formation of the patterns. The latter is a consequence of a low Young’s 
modulus (e.g. ~1.8 MPa for Sylgard 184, the most commonly used commercially available form of 
the material), resulting in a feature collapse.[24] Figure 9 shows two possible deformations of the 
microstructures on the surface of PDMS molds. Pairing or lateral collapse occurs when the aspect 
ratio of PDMS patterns is too high (see Figure 9a). They then fall under their own weight 
destroying the structure. Sagging or roof collapse takes place when the aspect ratios are too low and 
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are widely separated (see Figure 9b). Consequently, the compressive force applied during imprint 
induces the deformation of the mold.  
Another possible deformation or distortion in PDMS features is based on the swelling when 
exposed to most non-polar solvents such as toluene. Other polymers such as hard-PDMS (h-PDMS, 
9MPa Young’s modulus),[25, 26] polyurethanes (PU)[27] or epoxy resins (e.g. NOA, Norland optical 
adhesive, modulus~ 0.01-1 GPa or SU8 with a elastic modulus of 4.02GPa)[28-30], polyimide, 
fluoropolymer (e.g. Teflon AF 2400 or PFPE)[31, 32] , or even hybrid compounds (mixture between 
two components with opposite characteristics)[33, 34] have been tested for mold fabrication in sub- 
100 nm regime. Each of the polymers shows advantages which improve some of the limitation of 
the PDMS; however, each of them also exhibits drawbacks. The choice of the right mold will 
therefore depend on the desired material to imprint.  
 
 
Figure 9. Schematic illustration of possible deformation on the patterns in the surface of PDMS. a) Pairing effect and 
on the right side the SEM images of the fabricated PDMS mold, pattern dimensions of the pillars are 40 x 40 µm, height 
50 µm and 10 µm gap between patterns[35] and b) sagging effect.  
 
I. 2. 3. 1. Replica Molding (REM) or Soft UV-NIL 
This technique is based on the transfer of topographical features from a rigid master mold. 
The process can be divided in three main steps. First the master mold is fabricated by conventional 
techniques in order to define patterns in the mold with high resolution. These patterns are 
transferred onto the soft material (e.g. PDMS) by casting the liquid prepolymer mixture 
(prepolymer 1 in Figure 10) on a master. After crosslinking at ~ 60 ºC for several hours, the PDMS 
is then peeled off from the master.  Finally, the soft mold (polymer 1, e. g. in Figure 10, PDMS) in 
contact with the desired material (prepolymer 2) transfers the patterns of the original master (e.g. 
silicon) (see Figure 10). The replica can be molded by ultraviolet irradiation, which is commonly 
Chapter II. Hydrogel Nanostructuration 129 
 
129 
 
known as soft UV-NIL. Thermal soft UV-NIL can also be used and involves thermal curing prior to 
UV irradiation. This technique allows multiple copies of the original master without damaging it.  
 
 
Figure 10. Schematic illustration of general soft lithography process. Pattern master is first fabricated by 
photolithography or scanning beam lithography. Then a pattern transfer is then carried out by curing prepolymer 1 
(PDMS) in contact with the master. Finally a mold replica is produced by molding the material against the secondary 
patterned PDMS master.   
 
 Nowadays, different research groups are investigating the possibility to replicate features 
down to 20 nm by using master molds different than those produced by conventional 
lithography.[36-38] A beautiful example of the replica molding is given by Whitesides et al. [39]. They 
molded PDMS onto an ionic crystal in which the crystal surfaces exhibited “elementary steps” with 
heights of ca. 0.3-0.8 nm. The elemental steps in PDMS were then replicated in polyurethane (PU), 
obtaining a height size of ca. 0.4 nm, showing that atomic scale features on crystals can be 
replicated.  
 
I. 2. 3. 2. Solvent Assisted Micromolding (SAMIM) 
Solvent assisted micromolding (SAMIM) relies on printing features onto a polymer film 
using an appropriate solvent. A soft mold is wetted with the solvent and is brought in contact with 
the polymer surface. The solvent swells or dissolves the polymer decreasing its Tg and viscosity, 
improving the flowing ability. Hence, the fluid (including the solvent) adapts the topographical 
features of the mold. While the mold is maintained in contact with the substrate, the polymer 
solidifies as the solvent evaporates from the mold. The mold is finally removed and the polymer 
incorporates the patterns corresponding to the mold (see Figure 11). A thin polymer layer of ca.10 
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nm remains on the substrate. This residual layer can be removed by RIE (reactive ion etching).[40] 
Typical patterns of sub-100 nm features can be obtained by this method.[41] 
The choice of the right solvent is the most important factor to take into account in this 
approach. The solvent must swell or dissolve the polymer rapidly to conform to the topographical 
features of the mold before solvent evaporation. In addition, the solvent must be compatible with 
the mold composition in order to avoid its distortion (for instance swelling). Due to the high gas 
permeability of PDMS, a solvent with high vapor pressure such as methanol or ethanol is 
convenient to overcome the shortcoming of PDMS distortion. An advantage of this technique 
comparing with high temperature approach such as T-NIL is the absence of heating, preventing 
again the mold degradation or deformation. This technique is characterized by its process 
simplicity; it is rapid and does not require specialized equipment. 
 
a) b)  
Figure 11. a) Illustration of the SAMIM process, where a previously wetted soft mold is placed gently on a polymer 
film that is spin coated onto a surface. The polymer is then swollen or dissolved. During solvent evaporation through 
the mold, the polymer starts to solidify. The mold is then removed obtaining the pattern transferred onto the polymer; b) 
SEM images of the master (top micrograph) used for SAMIM and the replica fabricated (bottom micrograph).[42] 
 
I. 2. 3. 3. Microcontact Printing (µCP) 
Microcontact printing (µCP) was first introduced in 1993 by Whitesides and coworkers.[43] 
The technique consists in transferring the surface topographical pattern of an elastomeric stamp by 
contact with a substrate (see Figure 12). By this technique, even molecular size features can be 
obtained. The stamp is “inked” with the desired material to be transferred, and it is then brought in 
conformal contact with the substrate, transferring the patterns. Therefore, since only the ledge 
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features of the stamp are in contact with the substrate, the ink is transferred locally in these areas. 
The master mold is made by already mentioned conventional techniques, typically on silicon 
substrates. PDMS is generally used as stamp; its elastic properties ensure the conformal contact 
with various substrates. In addition, the transfer of molecules by µCP onto these surfaces can occur 
in a matter of seconds. 
 
 
Figure 12. Schematic illustration of microcontact printing process. 
 
 One of the most important applications of µCP is the self-assembled monolayers (SAMs) 
transfer. It can serve to isolate areas allowing the deposition of material such as polymers or other 
SAMs in the unmodified parts of the surface (see Figure 13). Varied and alternated well organized 
SAMs patterned with this method provide a selective control of the surface wettability. Hence, 
SAMs provide the possibility to deposit different molecules such as proteins on top of this surface. 
Furthermore, SAMs can assist in wet etching of a surface (see Figure 13). SAMs can be 
characterized by several techniques such as scanning probe microscopy (SPM),[44] scanning electron 
microscopy (SEM)[45] or surface-enhanced RAMAN spectroscopy.[46] Microcontact printing is the 
most commonly used technique to print chemical and biological molecules on surfaces such as 
polymers,[47] proteins,[47, 48] , DNA,[49] and living cells.[50] The reason of this fact comes from the 
mild conditions used in the process, which are respectful of the molecules deposited, because of the 
absence of organic solvents, heating and irradiation of the sample. Therefore, this technique is one 
of the few approaches of biomolecule patterning that has been shown to maintain biochemical 
functionality.[51] 
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Figure 13. Schematic illustration of SAMs (formed with several compounds, such as Alkylthiolates) printed by µCP on 
gold. In the monolayer, the orange balls represent the thiol head group, white balls are the alkyl or derivative alkyl 
chains and the green ones represent the functional group. The SAMS can be then used as a passive layer for select 
deposition (bottom left) or as a thin film resist for selective etching. 
 
I. 3. Hydrogel Patterning 
In the past few decades, efforts have been made in the design of new biomaterials for 
medical applications. More specifically, a major attention has focused on engineering the 
architectural design of biomaterials such as hydrogels at a molecular level. However, gentle 
patterning of hydrogels without significant alterations and damages remains a rather challenging 
task.  The problem of patterning hydrogels onto different surfaces has been examined for several 
years. The early methods used regular photolithographic techniques, which lead to millimetric to 
micrometric typical pattern sizes. For instance, Pishko and coworkers presented in 2001 the 
patterning of polyethyleneglycol di(meth)acrylates (PEGDMA) and PEG tetraacrylate (PEG-TA) 
on glass and silicon substrates.[52] The photocrosslinking was performed using a photomask either 
in bulk conditions or in aqueous solutions. The patterns sizes obtained were between 7 and 600 µm 
depending on the conditions used (see Figure 14a). Another example of patterning via 
photolithography was presented by Peppas et al.[53] The microstructuration of the polymer was 
carried out on a silicon plate bearing organosilane SAMs in order to prevent delamination of the 
polymer once photopatterned. The monomer mixture (PEG200DMA, 80 mol% and methacrylic 
acid, 20 mol %) was first spin-coated onto the surface and then brought into contact with the 
photomask. The sample was irradiated with UV light obtaining patterns of 10-15 µm with a height 
of 450 – 275 nm (see Figure 14b).  Likewise, Revzin group described a process of hydrogel (PEG-
DA) micropatterning onto a glass slide previously treated with 3-acryloxypropyl trichlorosilane .[54] 
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The study reports the fabrication of two different patterns, pad-like patterns with a diameter of 200 
µm and 40 µm rings with an inner diameter of 200 µm (see Figure 14c). 
 
 
Figure 14. Hydrogel microstructured via photolithography. a) SEM micrograph of PEG-DA with 7-10 µm diameter 
microstructures, [52] b) optical microscope image of  patterned PEGDMA hydrogel, 10-15 µm features with a height of 
450 nm,[53] and c) SEM micrographs of hydrogel microstructures; interconnected pads (left) and rings (right).[54] 
 
 Photolithography is a widely used method because of its ability to rapidly produce high 
fidelity surface features. As previously mentioned, it has some limitations such as expensive 
instrumentation, limited pattern resolution due to optical diffraction and possible harsh processing 
conditions. For this reason, this technique is not suitable for patterning sensitive materials, for 
instance biological samples with living cells. Some of these limitations, particularly the resolution 
limit, can be overcome by using next generation lithography methods. Indeed,  Farquet and 
coworkers reported the use of EUV lithography to structure a sensitive hydrogel (Poly-(N-
isopropylacrylamide), PNIPAAm).[10] The polymerization was carried out onto poly(ethylene-co-
tetrafluoroethylene) (ETFE) substrate. 500 nm patterns were then created by light exposure with a 
wavelength of 13.3 nm through silicon nitride mask under vacuum. The patterns depth varied as a 
function of dose intensity applied; they presented patterns with a height between 150 and 30 nm. 
Hydrogel nanostructures have also been reached using NIL techniques.[55] Fozdar et al.[56] obtained 
50 nm PEGDMA patterns (see Figure 15a) onto glass surfaces, based on a variant of UV-NIL called 
flash imprinting lithography using a mask aligner (FILM). Briefly, the precursor polymer was 
dropped onto patterned silicon mold and introduced under vacuum to remove the entrapped air in 
the precursor. The sample was attached on a holder.  In a separate step, the treated glass side was 
attached to the mask aligner. Eventually, both substrates were brought close keeping a separation of 
10 µm and the system was irradiated. The mold was used 10 times to print with no apparent 
damages. Kawai et al.[57] also employed UV-NIL to nanostructure PEGDA hydrogel. SAMs were 
used to enhance adhesion between the hydrogel and substrate. The hydrogel was patterned via UV-
NIL using quartz mold and O2 RIE was then applied to remove the residual layers (depth depends 
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on the etching time). The minimum features size reached was ca. 100 nm (see Figure 15b). A year 
later, the same group showed the possibility to structure the hydrogels by thermal assisted UV-NIL. 
[58]
 Quartz was chosen to transfer its topographic features on poly (vinyl alcohol) (PVA), after 
etching the residual layer by Ar RIE, the patterns size was 300 -500 nm and 40 nm deep (see Figure 
15c).  
 
 
Figure 15. Hydrogel nanostructured via NIL techniques. a) SEM images of patterns imprinted from silicon mold into 
PEGDMA on glass microscope slides via FILM, lines of 50 nm width with a pitch of 150 nm.[56] b) Height AFM image 
of 100 nm patterned PEGDA575 hydrogel on gold substrate in air,[57] and c) Height AFM image of 300 nm PVA on 
gold substrate before swelling.[58] 
 
  Soft photolithography, as we have previously mentioned, is a straightforward method and 
leads to well defined micro- and nanometric patterns in a minimal number of steps. Möller and 
coworkers exposed their results on hydrogel nanostructuration by soft UV-NIL.[59] 
Perfluoropolyether (PFPE) was chosen as secondary mold instead of PDMS, due to its low surface 
energy and anti-adhesiveness among other advantages for their system. PFPE was functionalized 
with 2-isocyanatoethyl methacrylate to get acrylate end-groups. 100 nm pattens of star PEG 
hydrogel were obtained (see Figure 16). In addition, hard mold master (silicon) was also applied to 
imprint the nanometer features directly into the hydrogel. Despite of transferring the patterns into 
the hydrogel (width 100 nm, height 286 nm), some collapse in the hydrogel took place because its 
mechanical properties were not as robust as those of PFPE (see Figure 17).  
 
 Figure 16.  Height AFM images (5 x 5 
Acrylate-star PEG replica using PFPE DMA mold.
and depressions in (b)) spaced by 500 nm.
 
Figure 17. a) Height AFM image (10 x 10 
acrylate-star PEG replica using the silicon master directly as the primary mold. The images show 100 nm wide and 282 
nm high ridges spaced by 500 nm and 1
scale bar represents 2 µm.[59]  
 
In this section, we have presented a
techniques for material nanostructur
hydrogel structuration. In summary
solvent homopolymer precursors
acylate with a molecular weight 
the substrate, the surface modification was carried out in e
In addition, they agree on the necessity of mold treatment to optimize pattern trans
the choice of the process, mold and substrate depends on the final application. For instance, the use 
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µm2) and cross-section of (a) PFPE DMA replica (secondary master) 
 The images showed 100 nm wide patterns 
[59]
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 µm, respectively. (c) Scanning electron micrograph of the hydrogel replica; 
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of photolithography is suitable to control the patterned dimensions but it is not when using 
biomolecules such as proteins. For the latter case UV-NIL (without using RIE) or soft UV-NIL is 
more adapted. The release step of the patterned hydrogel is not widely described; however, we think 
that it is also an important step to detail. The following section describes our work on the 
nanostructuration of acrylate hydrogels.  
 
II. Process for Hydrogel Nanostructuration  
In our work, the detection process is going to be carried out using a prototype diffraction 
scanner developed by Innopsys SA.[60, 61] More specifically, our idea was to implement (soft) UV-
NIL technique to pattern MIP. In a first step, the monomer mixture is placed on a modified support. 
Then, the protein is inked on a mold and then brought into contact with the monomer mixture, 
followed by UV irradiation. Once the polymerization is finished, the mold is removed. The glass 
slides end up with an attached MIP hydrogel replica. Afterwards, the light diffraction technique will 
be used to detect the protein adsorbed on the MIP hydrogel (see Figure 18). Further explanation of 
diffraction concept is given in Chapter III. 
 
 
Figure 18. a) Scheme of soft UV-NIL imprinting of MIP hydrogel and b) light diffraction principle of the resulting 
patterned MIP hydrogel. 
 
Throughout this section we describe the process to nanostructure the hydrogel going from 
millimetric to nanometric structures. It is not because a material has been microstructured that its 
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nanostructuration will be possible. This fact is due to the material properties or mold characteristics. 
Therefore, the material can suffer several distortions such as collapse of patterns. In addition, 
nanofabrication of patterns in the hydrogel must follow by specific conditions imposed from the 
diffraction technique developed recently in LAAS laboratory.[61] Simulations of diffraction 
depending on the parameters of the gratings were made by Jean-Christophe Cau during his Ph.D. in 
the NBS group in LAAS laboratory.[62] He showed that, to obtain optimum diffracted signal, the 
arrays should be constituted of gratings with a 500 nm width and a pitch of 1 µm. Thus, the MIP 
has to be structured with dimensional diffraction patterns as close as possible to those values. It is 
important to remind here that because optical techniques are employed in this investigation to detect 
the proteins on the MIP, the use of glass slide as support is almost mandatory. 
Beside this overall principle of fabrication, some side issues had also to be addressed. First, 
a special treatment of the glass slide has been made in order to prevent film detachment. This used 
MPS (γ-methacyloxypropyltrimethoxysilane) treatment providing functional groups on the surface 
enabling to bond the hydrogel covalently. Secondly, in order to obtain optimal demolding without 
affecting the quality of patterns, soft and hard molds had to be tested in order to find the best 
compromise between the mold and the hydrogel. In addition, this compromise includes the hydrogel 
composition in which the most suitable formulation is selected. The techniques applied to 
nanopattern the hydrogel are soft UV-NIL or UV-NIL depending on the mold used. In the last step, 
AFM measurements have been performed in order to verify the nanostructuration quality and the 
stability of the patterns in various conditions including swollen or dehydrated state. 
 
II. 1. Surface Substrate Modification 
A first crucial step was to find the appropriate surface modification for glass support in order 
to get a reactive surface on which the hydrogel is covalent attached during polymerization, avoiding 
its delamination.  
In early experiments, hydrogels were synthesized on glass slides cleaned with freshly 
Piranha solution (v/v 70% H2SO4/30%H2O2) to give a higher hydrophilic character to the glass 
surface. This process provides a thin oxide film enriching the surface with hydroxyl groups. The 
treatment was made just before using the glass slides, due to the tendency of SiOH groups to react 
together to give back the original surface. The contact angle after treatment was very low, of about 
few degrees, therefore difficult to determine (<10º). The monomer mixture was then deposited on 
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the treated glass slides and polymerized by UV irradiation. However, surface attachment was weak 
and the OH groups on the glass surface were not able to take part to the hydrogel polymerization, 
thus the resulting film delaminated straightaway after synthesis. Hence, two different surface 
modification processes using octadecyltrichlorosilane (OTS) and MPS solution were tested. Glass 
or silicon substrates can be easily modified with trifunctional organosilanes (RSiX3) even in the 
presence of water. This treatment provides an effective way to form dense monolayer and to control 
hydrophilicity with no roughness effect.[63-65] Generally, organosilanes (RnSiXm) bear an 
organofunctional group R and a readily hydrolysable group X. One side of the silane (X, polar 
“head”) such as methoxy (CH3O-), ethoxy (CH3CH2O-) or chlorine (Cl-) residues hydrolyzes to 
produce silanol groups (Si-OH) which can react with the silanol groups present on the surface of the 
substrate (see Figure 19). The other side of the silane provides a reactive residue exposed to the 
atmosphere such as methacrylate (H2C=C(CH3)-COO-) or trifluoromethyl acrylate((H2C=C(CF3)-
COO-) groups able to bind a polymer or another molecule. There are two main processes for 
silanization of solid substrates, (1) in the vapor phase or vapor deposition and (2) in the liquid 
phase, also called wet-chemical silanization. The latter is widely used due to its simplicity for 
surface functionalization; the process relies on using a silane solution in a solvent where the 
substrate is immersed. On the other hand, the vapor deposition requires generation of silane vapors. 
Surface modification can be then analyzed by surface contact angle measurements, or by X-ray 
photoelectron spectroscopy and ellipsometry.[63, 66]  
 
 
Figure 19. General scheme of silanization process.  
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Cleaning the surface of the substrate to generate the reactive hydroxyl group prior to 
silanization is crucial for effective monolayer formation. Thus, to achieve optimal uniformity and 
reproducibility in the formation of the hydroxyl groups, the substrate must be properly cleaned of 
any contaminants or dust. Glass surface has the capacity to absorb significant amounts of water 
promoting the formation of covalent bonds. This hydration ability provides a possible acceleration 
of the silanol groups formation on the surface and therefore the grafting of the silane onto the 
surface.[67]  
Based on these facts, two different organosilanes were investigated in order to create a 
modified layer on glass surface: an alkyltrichlorosilane, octadecyltrichlorosilane (OTS, 
CH3(CH2)17SiCl3) and an alkoxysilane, γ-methacryloxypropyltrimethoxysilane (MPS, C10H20O5Si, 
see Figure 20) by wet-chemical silanization.  Surface characterization was performed by the 
classical sessile drop method on a tensiometer. This technique provided a rapid qualitative test for 
glass surfaces, before and after modification, by analyzing the contact angle. The glass slides were 
washed before functionalization and then treated either with 1% OTS solution in dichloromethane 
for 5 minutes at room temperature or with 1% MPS solution in HPLC toluene and heated at 75 °C 
for 15 minutes. It is noteworthy to mention that the system was not completely under anhydrous 
conditions due to water traces present in the solvent (5%).  
 
 
Figure 20. γ-methacryloxypropyltrimethoxysilane chemical structure.  
 
Water contact angle of the glass slides was measured before and after functionalization. 
Typical contact angles of 105º and 61º were measured for glass surface modified with OTS and 
MPS respectively, whereas complete wetting (contact angle < 10º) occurred on the unmodified 
cleaned glass surface. In order to check the ability of the modified surface to bind and retain the 
hydrogel without suffering delamination, the monomer mixture was added to the modified surface 
and then polymerized by UV light. Glass surface functionalization with OTS mainly gives high 
hydrophobicity and does not incorporate entities that are able to react with the functional groups of 
the monomer mixture. Thus, in this case, the film can be easily peeled off. In the case of the 
O Si
O
O
O
O
  140 Chapter II. Hydrogel Nanostructuration  
 
140 
 
hydrogel synthesized onto MPS modified substrates, 80% of the films remained bound to the 
surface even in swollen state while 20% detached from the surface few minutes after their synthesis. 
It is well established that reproducibility and success in monolayer deposition depends on water 
traces, temperature, the silane used and the technique employed. In addition, literature reports that 
because of steric factors, only 70% of surface silanol groups are involved, even in the most rigorous 
silanization reactions. Therefore, a significant number of silanol groups at the surface remains 
unreacted reducing the grafting sites effective for hydrogel binding.[68]  
In conclusion, we have examined three different treatments to modify the glass surface with 
the aim to covalently attach the hydrogel. Piranha (contact angle <10º, hydrophilic modification) 
and OTS (contact angle 105º, high hydrophobic modification) treatments were not good candidates 
and the polymer was delaminated after polymerization. On the contrary, MPS successfully linked 
the hydrogel films in most cases. This compound gives an intermediate character (i.e. contact angle 
60º, slight hydrophobic modification) to the modified substrate. Experiments hereafter only involve 
the use of MPS as the adherent layer.  
 
II. 2. Preliminary Millimetric Structuration of the Hydrogel without Lithographic Molds 
The next step involved the structuration of the hydrogel onto the modified glass surface. The 
first approach developed used millimetric square cavities (3x3 mm2) made by hand in an existing 
PDMS film onto a silicon wafer. The monomer mixture including the initiator was then placed 
inside each cavity. An overlaying modified glass slide was put on the top without exerting any 
additional pressure apart from the glass weight. The monomer mixture was then polymerized under 
UV irradiation. Once the polymerization was finished, the glass substrate was removed and the 
patterns were thus obtained upon the surface of the glass slide (see Figure 21).  
 
 
Figure 21. Schematic illustration of hydrogel structuration approach in millimetric squares.  
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Figure 22 shows the resulting HEMA 5/50 hydrogel replica on the glass substrate. Non-
uniform square patterns can be observed due to some mold defects. Successful hydrogel demolding 
was accomplished for the 5/50 and 7/30 hydrogel without applying any anti-adhesive layer to the 
mold. In order to perform well defined hydrogel structures, mechanical processes with dedicated 
equipment are necessary to create precise cavities on PDMS film. Nonetheless, this technique 
allowed us to fabricate several inexpensive molds in a short period of time to set up the preliminary 
experiment on the hydrogel. In addition, in the cases where some hydrogel remained attached onto 
the mold, it was easily removed by washing it in a solution of EtOH/H20 (same proportion v/v %) 
inside an ultrasonic cleaner, the mold was therefore reusable and multiple replications of the 
patterns were possible. 
 
   
Figure 22. Fluorescence image (wavelength 532 nm) of HEMA 5/50 hydrogel replication onto a modified glass slide 
using a mold with millimetric patterns.  
 
II. 3. Structuration of the Hydrogel using Micrometric Lithographic Molds  
The following work on micro- and nanometric patterns was largely developed with the close 
collaboration of Loic Laplatine (LAAS, ITAV).   
Based on the success of the latter replica experiments at millimetric scale, the decrease in 
pattern size was developed. Hence, different factors were studied in order to select the suitable mold 
compatible with the hydrogel. Taking into account the hydrophilicity of the monomer mixture, the 
mold needed to offer a good enough wettability to provide suitable patterns but not too high to 
ensure a good peeling. 
Several types of soft or hard molds have been previously reported in the literature for the use 
in soft UV-NIL, the most common soft-type being PDMS. The latter was also used in our case, 
together with two other soft photo cross-linkable epoxy resins: NOA73 and SU-8. The latter shows 
chemical resistance and optical properties. SU-8 exhibits optical transparence above 400 nm and a 
reflective index at 1.59 at λ= 600 nm. The resin displays a Young’s modulus at ~ 4 GPa, therefore it 
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is possible to obtain high resolution patterns with high uniformity. Unexposed SU-8 shows a Tg at 
55 ºC and, after UV curing, SU-8 turns into a resin with a Tg above 200 ºC. The high Tg value of 
cured SU-8 offers the possibility to use the mold for instance in T-NIL processes (see section 
I.2.2.1). NOA73 is also an optically clear liquid resin, with a lower refractive index (nNOA73 = 
1.56, from NOA73 datasheet) than SU-8. NOA73 shows high flexibility with an elastic modulus of 
~10 MPa. Concerning hard molds, silicon was naturally selected. In the case where the surface free 
energy is not low enough to get a good release, mold surfaces are functionalized with different 
compounds. 
Generally, the micro/nanostructures were created on a silicon master by electron beam 
lithography and dry RIE. In order to facilitate the release of the soft mold, an anti-adhesive 
treatment was applied on the master by using OTS in liquid phase. PDMS mold was generated by 
casting the pre-polymer and curing agent on the silicon mold and curing. Likewise, the replica mold 
of the silicon master exhibited micro/nanometric patterns with the same dimensions. PDMS mold 
was then used to replicate the patterns in the epoxy resins NOA73 and SU8 via soft UV-NIL and 
thermal soft UV-NIL respectively.  
Preliminary tests were carried out using these molds to structure the hydrogel on a 
micrometer scale. The different formulations of hydrogels were spread onto a glass slide treated 
with MPS; the soft molds were placed on the top, followed by UV irradiation. Results and pattern 
details for the materials obtained are summarized in the following table. 
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Mold Treatment Monomer 
mixture 
Irradiation 
time(min) 
Result Patterns 
 
PDMS 
thin layer: 
>1µm 
 
Plasma 
1 - 3 min 
 
SEMA5/50 
HEMA7/30 
AEMHC7/30 
 
1 -16  
Polymerization 
occurs only on 
the side 
 
Some ill-defined 
patterns 
 
Robust 
PDMS 
~ 2cm 
thick 
 
Plasma 5 min 
Vacuum 10min 
 
 
SEMA 5/50 
 
3  
Peels off in a 
saline solution  
pH 9.2 
 
See Figure 25 
Patterns  
with defects 
 
NOA73 
 
untreated 
 
SEMA5/50 
 
1-3  
Difficult 
detachment 
Patterns  
with defects 
  
OTS 
 
SEMA5/50 
 
3  
Partial 
polymerization 
No patterns 
 Inking 
Sterptavidine-
Cy5 2 min 
 
SEMA5/50 
 
3  
Difficult 
detachment 
Defected patterns  
 
 
 
Propylamine 
 
 
 
SEMA5/50 
 
 
3 
 
Easy 
detachment 
 
Patterns 
with defects 
See Figure 27 
 
Fluorinated 
acrylate  
Phase Vapour 
deposition  
 
 
SEMA5/50 
 
 
3 
 
 
Easy 
detachment 
 
 
Heterogeneous 
patterns  
See Figure 28 
 
Fluorinated 
acrylate  
Phase Vapour 
deposition  
 
AEMHC7/30 
HEMA7/30 
 
 
3 
 
Easy 
detachment  
Polymer remains 
almost entirely in the 
mould 
See Figure 30 
 
aDTS 
Phase vapour 
deposition 
 
SEMA5/50 
 
3 
 
Easy  
detachment 
Patterns 
with defects See 
Figure 29 
Table 1. Summary of results obtained by soft-UVNIL. aDTS= Dodecyltrichlorosilane. 
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II. 3. 1. Soft PDMS Mold 
Initially a thin PDMS mold (see 
plasma (from 1 to 3 minutes) in order to change its hydropho
which is more compatible with the hydrophilic monomer mixture. 
 
Figure 23.  Optical microscope image at 
 
A typical printing process
the substrate holder in printing device
middle. A nitrogen pressure flow (1
membrane (see Figure 24b) which 
sample was exposed to a UV light 
periods of time (increasing the time from 1 to 16 minutes
separated from the film; however
which was in contact with the mold
sides. This fact let us think that polymerization was inhibited by oxygen. 
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Figure 23) (few hundred of µm) was treated with oxygen 
bic character to a hydrophilic state 
 
 
x10 of the patterned PDMS mold (10:1) features ~ 20 
 was carried as follows: a modified glass slide was positioned 
, (see Figure 24a) adding 25 µl of monomer mixture in the 
-8 mbar) was then applied in order to 
was then brought in contact with the monomer mixture. The 
(incident at the bottom of the substrate holder) fo
, see Table 1). 
, no polymerization or pattern transfer was obtained
. On the other hand, hydrogel was partially polymerized on the 
 
µm wide.  
over 
blow the PDMS 
r different 
The mold was then 
 in the part 
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Figure 24. a) Photograph of a stamping unit of the Semiautomatic Micro-Contact-Printing System µ-CP 3.0  with the 
print head above the substrate holder from Gesim Company.[69]  And b) zoom of the print head; the PDMS membrane 
(yellow part) is filled with gas pressure taking a convex shape. The membrane is then moved onto the sample to 
print.[69] 
 
As previously mentioned, PDMS is a very stable polymer and exhibits very high gas 
permeability. For this reason, PDMS can transport oxygen very efficiently and therefore it is 
thought to be an ideal oxygen reservoir. In addition, oxygen inhibition can play a critical role in 
radical polymerization process occurring in thin films and micro/nanoscale structures where oxygen 
is able to rapidly transport through a short diffusion path. Shiku and coworkers reported that the 
surface modification of PDMS by treatment with oxygen plasma or biomolecules (e.g. proteins) can 
generate a strong decrease in O2 permeability.[70] However, even if the permeability decreases, it is 
not completely stopped. On the other hand, it is well known that increasing the membrane thickness 
decreases the permeability.[71] Based on this conception, a thicker PDMS mold of about 2 cm was 
fabricated with the same micrometric structures. The mold underwent a treatment with oxygen 
plasma for 5 minutes and vacuum for 10 minutes to avoid any possible O2 trace. The mold was 
straightaway deposited over the monomer mixture and the sample was then irradiated during 3 
minutes. In order to release the substrate from the mold, the whole system was immersed in a Tris-
buffered saline with a pH = 9.2 because basic conditions can degrade the monolayer of 
alkyltrichlorosilanes.[72] Contrary to what was obtained with the thin PDMS mold, the hydrogel was 
polymerized. Therefore, the oxygen permeation and diffusion through the membrane were critically 
reduced, avoiding O2 to reach the monomer mixture. Figure 25 shows the resulting hydrogel 
replica. The presence of bubbles in the horizontal axis of the microlines replica features was 
noticed. This fact can be due to the inappropriate contact between the mold and the monomer 
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mixture but this hypothesis remains uncertain. Regardless of a partial transfer of patterns, PDMS is 
not suitable to mold the hydrogel properly.  
 
 
Figure 25. Optical microscope image at x40 of SEMA 5/50 hydrogel replica from robust PDMS mold.  
 
II. 3. 2. Soft NOA73 Mold 
Several tests were carried out using a soft NOA73 mold with micrometric patterns (see 
Table 1). Initially, the mold was used without previous surface treatment, however, the acrylate 
groups of NOA reacted with the functional monomers of the hydrogel. Therefore, the hydrogel was 
stuck on NOA surface after polymerization. NOA73 was then treated with OTS or a layer of protein 
(Streptavidine-Cy5 in our investigation) which can be used to change the affinity or wettability of 
the substrates. Despite treatment application on the mold, no satisfactory patterns were obtained due 
to the high affinity of the mold surface for the hydrogel, making the release of the molds from the 
hydrogel difficult. On the other hand, three other treatments were applied on NOA73 surface in 
order to achieve an easy peeling off while obtaining the transfer of the patterns. An aliphatic amine 
(i.e propylamine), hexafluoroisopropyl acrylate or dodecyltrichlorosilane (DTS) were then used. 
NOA73 surface was modified with the last two compounds by vapor deposition for 3 hours. In the 
case of the aliphatic amine, the treatment occurred through Michael addition of the amino group on 
the acrylate groups of NOA73 (see Figure 26). In addition, different pattern shapes on the molds 
were selected (circles and squares) in order to assess the restriction effect of the material during 
imprinting. 
 
 Figure 26. Schematic representation of 
propylamine. 
 
After surface modification, the molds were used to print 
monomer mixture by soft UV-NIL as previously described. 
in the release of mold and the sample
hydrogels were observed attached to the mold (see 
observe in Figure 27, Figure 28(b and c)
defects in some areas; therefore the process still needs 
 
Figure 27. Optical microscope image at 
NOA73 mold with amine compound. 
hydrogel and not the entire replica.  
 
Figure 28. Optical microscope image at 
hydrogel replica with square patterns from modified NOA73 mold 
to mention that these images represent some part
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Michael addition between the α, β unsaturated carbon
the 5/50 and 7/30 series 
In spite of the satisfactory improvement 
, in each case for 5/50 hydrogels series
Figure 28a, Figure 29a). Furthermore
 and Figure 29 (b and c), the hydrogels show patterns
to be improved. 
x40 of SEMA 5/50 hydrogel replica with circular patterns 
It is important to mention that these two images represent some part of the 
x40 of a) NOA73 mold after detaching of hydrogel
with fluorinated acrylate compounds. 
s of the hydrogel and not the entire replica. 
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yl group from NOA73 and 
of 
, some residues of the 
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, b) and c) SEMA 5/50 
It is important 
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Figure 29. Optical microscope image at x40 of a) NOA73 mold after detaching of hydrogel b) and c) SEMA 5/50 
hydrogel replica with square patterns from modified NOA73 mold by dodecyltrichlorosilane compound. It is important 
to mention that these two images represent some part of the hydrogel and not the entire replica. 
 
Otherwise, no successful patterning was accomplished for 7/30 hydrogel series. Most of the 
hydrogel remained fixed on the mold regardless of the surface modification applied (see Figure 30a) 
whereas the rest of the film was attached to the glass substrate (see Figure 30b). These results 
suggest that the elastic modulus of these hydrogels (3.57 × 104 Pa, Chapter I, section III.1.2.1.3), 
which is 10 times less than 5/50 hydrogel series, is not high enough to endure the detachment 
without suffering deformation. Consequently, we ruled out 7/30 hydrogel formulation due to its 
inappropriate properties for being molded. Experiments henceforth only involve the nanopatterning 
process for 5/50 hydrogel series. 
 
 
Figure 30. Optical microscope image at x40 of a) NOA73 mold after detaching of HEMA 7/30 hydrogel and b) HEMA 
7/30 hydrogel replica patterns from modified NOA73 mold with fluorinated acrylate compound.   
 
The NOA73 resin gave acceptable but irreproducible results even when the molds were 
chemically treated (fluorinated acrylate, propylamine or hexadecylamine). The pattern shapes did 
not seem to be a restrictive parameter for hydrogel patterning. Although the results were not 
completely satisfactory, we wanted to investigate the molds on the nanoscale and studied the 
hydrogel response to smaller features. The results will be presented in Section II. 4.  
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II. 3. 3 Hard Silicon Mold 
The silicon master mold itself coated with OTS was also used to pattern the hydrogel by 
UV-NIL approach. The replicas obtained and the detachment of the films was excellent compared 
with the results previously shown with other molds. It is important to point out that the patterns 
were recorded only by an optical microscopy; hence through characterization by techniques such as 
AFM is mandatory to check the patterns quality. The AFM characterization is described therefore in 
the following section.  
Even if silicon is more expensive than NOA73 and SU-8 resins, it can be used several times 
because the hydrogel does not adhere to the mold. In the case where some of the hydrogel remains 
attached, washing with ethanol and water provides a clean mold surface again. 
 
II. 4. Structuration of the Hydrogel using Nanometric Lithographic Molds 
Silicon nanopatterned masters were fabricated in the same manner as previously described. 
Figure 31 displays representative AFM images of the master features which are constituted of 
arrays of 500 nm wide lines at 1 µm pitch with depth between lines of 370 nm. A PDMS mold 
(secondary master) was fabricated using the silicon master and subsequent duplicate molds from the 
master on SU8 and NOA73 were obtained by thermal soft UV-NIL and soft UV-NIL respectively 
using PMDS mold.  
 
 
Figure 31.  AFM images representing a) 3D silicon master image and b) top-view of height AFM image and the 
graphical representation (height versus distance) of a cross-section profile of the features lines. (Contact mode in air) 
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II. 4. 1. Soft NOA73 and SU-8 Molds 
SU-8 mold without any previous surface modification was applied on a SEMA 5/50 
monomer mixture and the sample was irradiated for 3 minutes. After demolding, patterns were 
obtained on a small surface (ca. 100 x 100 µm2) while the rest of them were torn during this step. 
AFM images show the SU-8 nanostructures obtained after T-soft UV-NIL (see Figure 32a and b) 
and the hydrogel replication which did not maintain the pattern height of SU8, showing a loss of 
height of 75 nm (see Figure 32c). The shape of the patterns was also modified. 
 
 
Figure 32. AFM images of a) height AFM micrograph of SU-8 nanostructures, b) high magnification of a), showing a 
depth of 225 nm (contact mode in air) and c) height AFM micrograph and cross-section of SEMA 5/50 replica from 
untreated SU8 mold showing patterns of 150 nm high (contact mode in liquid). 
 
Nanostructured NOA73 molds were modified by DTS, fluorinated acrylate and 
propylamine. The detachment from the hydrogel replica was satisfactory only in the case of 
propylamine treatment. In addition, the four arrays were successfully replicated and clearly visible 
by optical microscope (see Figure 33). Despite of this result, the arrays replication was hardly 
reproducible. AFM images display (see Figure 34), as for SU-8, a height loss in the hydrogel replica 
of 50 nm. Above all, even if the entire array was present, the lines were not well defined.   
Even if, by using these two molds, the results were not reproducible, the pitch of the 
hydrogel replica patterns was respected at 1µm. 
 Figure 33. Optical microscope image at 
NOA73 mold by propylamide.   
 
 
Figure 34. a) Height AFM micrograph of patterns of diffraction transferred in NOA7
cross-section of   b) patterns of diffraction transferred in NOA73,
SEMA 5/50 replica from NOA73 mold 
 
 
II. 4. 2. Hard Silicon Mold 
  The hydrogels were also 
molds with micrometric features, o
released while maintaining the uniformity of 
(see Figure 35) and were analyzed by AFM.
  
Figure 35. Optical microscope image at 
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x5 of one array corresponding to AEMHC 5/50 hydrogel replica from modified 
3. Height
 showing a depth between lines of 200
modified using propylamine, showing a depth of ca. 150
replicated directly from the silicon mold master. 
nce the hydrogel was polymerized, the sample was 
array. The arrays were visible by 
 
 
x5 of one array corresponding to AEMHC 5/50 hydrogel replica from Si mold.  
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 AFM micrograph and 
 nm and d) of 
 nm. 
As for silicon 
easily 
optical microscopy 
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   Figure 36 shows AFM images corresponding to the 5/50 series hydrogel replica. It is 
possible to appreciate a decrease in height (final depth of 250, 150 and 350 nm for SEMA5/50, 
HEMA5/50, and AEMHC 5/50 respectively) from the original mold (370 nm) and the pitch of the 
hydrogel replica patterns was respected at 1µm. In addition, some occasional collapses in the 
nanopattern lines were observed. These collapses can be either due to the mechanical properties of 
the hydrogels which are not robust enough, as previously reported by Möller et al.[59] for PEGDMA, 
or  due to fabrication defects in the master mold. Moreover, it is important to remind here that the 
AFM analyses were carried out by contact mode, and this mode can critically rip soft materials such 
as our hydrogel.   
  A decrease in height of the replica hydrogel patterns has been observed using SU-8, NOA73 
and silicon molds. This effect is due to different factors, first volume retraction phenomenon in the 
hydrogel occurs during polymerization by reaction of the double bonds. Finally, as we have seen in 
Chapter I (Section II.1), the gel fraction for 5/50 hydrogel series was 50% and thus, presenting a 
partial polymerization.  
 
 
Figure 36. AFM micrographs of height and cross-section profile corresponding with a) the silicon surface b), c) and d) 
SEMA5/50, HEMA5/50, AEMHC 5/50 mold replicas respectively. (Contact mode in liquid) 
 
Through this section we have presented a library of soft and hard molds for replica process. 
We dealt with different problems such as inhibition of the polymerization due to the permeability of 
the PDMS membrane or the separation of the mold and the sample. The latter is a crucial step to 
obtain a good quality of the patterns and was the most difficult problem to overcome in this 
investigation. Finally, AFM images demonstrate that a hard silicon master can be used as the 
imprinting mold to successfully structure the hydrogel, even at nanoscale level.  
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Therefore, silicon mold was selected to continue the study of the hydrogel patterning. The 
next section deals with evolution in air during a period of time of the patterned hydrogel. This is the 
last step to check whether the hydrogel fulfills the requirements for diffraction technique.  
III. Monitoring the Aging of Gratings by AFM 
As we discussed previously, measuring the intensity of the diffracted beam is performed 
with the prototype scanner of diffraction developed by Innopsys S.A. This scanner works in air and 
with environmental conditions of temperature, pressure and humidity. The positions of the laser 
diode, the photodiode receiver and substrate are fixed. The angle of the diffracted beam is 
determined by the fixed pitch of the gratings. In our investigation, the pitch should be 1 µm to more 
or less 15 nm. 
The study of aging in air of diffraction gratings in the hydrogel by AFM is therefore 
essential to estimate the time during which the diffraction analysis can occur if the pitch tends to 
vary. Moreover, the intensity of the diffracted beam depend on the geometry of patterns and its 
refractive index, and these two parameters should dependent on the presence of water in the 
polymer. In order to measure any possible change of pitch during drying period of the hydrogel, 
AFM images over 100 or 50 µm width were conducted in air for 60 minutes. Cross-sections of the 
AFM image at the beginning and at the end give access to the pitch evolution. The first three 
minutes were not possible to analyze because of the introduction of the sample in the AFM device. 
The profiles were made on the images of vertical deflection in order to have a horizontal curve. The 
Fourier transform of this section highlights the dominant spatial frequencies (predominantly 1 µm-1 
and its harmonics), then zoom into the area close to 1 µm-1 can precisely measure the main 
frequency of the patterns. Finally the pitch, which is the inverse of this frequency, was determined 
with an error of more or less 5 nm (see Figure 37). 
 
 
Figure 37. A) Image of vertical deflection of a grating (b) profile of the bottom of the image. (c) Fourier transform of 
the profile. (d) Zoom on the main peak and frequency measurement. 
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The pitch variation seems to be minimal regardless of the hydrogel studied. The total 
variation for SEMA 5/50, HEMA 5/50 and AEMHC 5/50 after 60 minutes of dehydration was 15, 
12 and 13 nm respectively (see Figure 38, Table 2). Gadegaard and coworkers reported that when 
PEGDMA hydrogel was drying, the height of the gratings increased while the width decreased.[55] 
In our investigation, we calculated the variation in height and width of the lines of the dry hydrogel 
(see Table 2). We found a decrease in both parameters comparing with the swollen state. The height 
of the gratings considerably decreased, for instance in the case of AEMHC 5/50 a reduction of 270 
nm in depth was observed; and the width varied between 200 and 100 nm. Nonetheless, the 
variation of these two parameters only has an influence on the intensity of the diffracted signal. As 
conclusion, the variation of the patterns geometry of the hydrogel stays within the specification of 
the scanner. The next step was therefore to test whether that the patterned hydrogel diffracted light. 
The detailed diffraction results are explained in Chapter III. 
 
 
Figure 38. AFM micrographs of height and cross-section profile during drying process corresponding to a) SEMA 5/50 
hydrogel, scan from 53 to 60 minutes, height= 80 nm and line width= 400 nm, b) HEMA 5/50 hydrogel, scan from 45 
to 49 minutes, height= 100 nm and line width= 400 nm and c) AEMHC 5/50 hydrogel, scan from 47 to 53 minutes, 
height= 70 nm and line width= 300 nm (Contact mode in air). 
 
 
 
Hydrogel 
Formulation 
Pitch  
(nm) 
Height (h)  
(nm) 
 
Line width (w) 
 (nm) 
 
 t scano t scanf t scano t scanf t scano t scanf 
SEMA 5/50 992 985 250 80 500 400 
HEMA 5/50 1002 990 150 100 500 400 
AEMHC 5/50 1003 990 350 80 500 300 
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Table 2. Line pitch, height and width values variation before (t scano = 3 - 18 minutes) and after (t scanf = 45 – 60 
minutes) dehydration of the hydrogel.    
In order to check the durability and fidelity of the hydrogel gratings after swelling and 
dehydration cycles, AFM analysis was carried out. Figure 39 shows the AFM images of a patterned 
hydrogel synthesized 10 months before, preserved in water and which was already analyzed twice 
by AFM (corresponding to Figure 36b and Figure 38a). In the resulting image, we can observe that 
the hydrogel maintained the nanostructures with the same pitch, width and height (250 nm as Figure 
36b). It is possible to notice some defects in the gratings also observed in the first AFM analyses of 
the hydrogel, which were either produced during the process or AFM scanning. Despite these 
defects, the results are very successful and important for medical applications in which it is 
necessary that the (bio) chips are stable and durable. 
 
 
Figure 39. a) AFM micrographs of height and cross-section profile of SEMA 5/50 10 months after its synthesis and 
after being analyzed two more times by AFM in swollen or dry state. B) 3D AFM image of a). (Contact mode in liquid) 
 
In this section we have demonstrated that the nanopatterned hydrogel fulfills the 
requirements necessary to diffraction even in dry state. Moreover we have proved by AFM the 
durability of these structures over a 10 month period.  
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IV. Profilometer  
This device is used to analyze surface profile such as roughness and step height with high 
accuracy. Its principle uses a tip (stylus) that moves on the sample surface. The stylus is prone to 
variations in height along the contours (profile) of the substrate (see Figure 40). This stylus, coupled 
with a capacitive sensor, converts the height variations in charges analyzed by the computer. The 
profilometer is a suitable instrument for the analysis of samples which are dry and with relatively 
rigid structures. Analysis of wet samples can be misleading due to tip surface contamination 
brought about by capillary forces. If the material is too soft, the tip can easily sink into the sample, 
which in turn can drastically distort the measurements. 
 
 
Figure 40.Schematic illustration of profilometer principle.[73] 
 
Figure 41 shows the surface profile of dry AEMHC 5/50 hydrogel with millimetric patterns 
(a) and dry nanostructured HEMA 5/50 films (b), grafted on a glass slide. A film thickness of 
approximately 2.8 µm and 3.5 µm was recorded for AEMHC and HEMA, respectively. From 
piezorheology experiments we established that the use of thin precursor samples with a thickness ≤ 
20 µm (for 5/50 hydrogels series) was essential in order to form a uniform crosslinked gel (applying 
UV light intensity of 0.5 mW/cm2). Therefore, the results obtained here reveal that even if before 
synthesis the precursor solution had thickness double (i.e 6-7µm)  than the dry film, this initial 
thickness prior to polymerization enters in the specifications established by piezorheology to form a 
uniform crosslinked gel (namely 20 µm, applying UV light intensity of 0.5 mW/cm2) 
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Figure 41. Profile of  a) AEMHC 5/50 hydrogel with millimetric patterns sweeping speed at 100 µm/s and b) 
nanostructured HEMA 5/50 hydrogel, sweeping speed at 20 µm/s.  
 
V. General Conclusions 
In this chapter we have presented hydrogel nano-patterning obtained via a UV-NIL 
technique for the use in optical detection applications. From the previous study on diffraction made 
by LAAS, we selected the gratings dimensions of 500 nm width and a pitch of 1 µm (+/- 15 nm) for 
optimal diffraction signal. The depth was found to be between 25 and 100 nm or 250 and 300 nm in 
order to achieve an optimal diffraction value. The fabrication of the nanopatterned hydrogel 
involved several steps as follows: 
1- Glass surface modification was crucial to obtain an adherent layer to which the hydrogel 
can be attached. The surface modification has been investigated with two different compounds, 
MPS and OTS. Not surprisingly, only silanization of the glass surface with MPS provided a 
successfully attached hydrogel to the surface after polymerization. 
 2- Fabrications of master silicon molds with different grating sizes were performed by 
electron beam lithography. These molds were replicable in PDMS, and then in NOA73 and SU-8, 
which can in turn serve as soft molds for the hydrogel. The ability of these molds to create the 
replica in 7/30 and 5/50 hydrogel series was then studied. Different anti-adhesive layers were 
applied on the surface molds in order to optimize the release of the film. The silicon master was 
eventually used to transfer the patterns on the hydrogel. The resulting films from 5/50 hydrogel 
series showed an effective replication while maintaining the 500 nm wide lines with a 1µm pitch.  
  158 Chapter II. Hydrogel Nanostructuration  
 
158 
 
Finally, AFM images were used to check that the aging of the hydrogel replica in 
environmental conditions would not result in incompatibility with the scanner diffraction. Moreover 
we have shown that the material was able to swell and shrink several times without suffering any 
severe feature distortions over a period of 10 months. The homogeneity of the thin hydrogels was 
confirmed by profilometer analyses.   
Hereafter, the functionalization of the glass slide for the attachment of the hydrogel 
will be done with MPS and silicon is the mold chosen for the nanostructuration of hydrogel. 
      In Chapter III we will show the diffraction results obtained with these nanopatterned 
gratings. 
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Comme nous l’avons présenté précédemment, le processus de détection étant réalisé par un 
scanner à diffraction (société Innopsys.),[1, 2] il est nécessaire de structurer les hydrogels sous forme 
de motifs en réseau, adaptés à la lecture par ce scanner. Plus précisément, notre idée était de mettre 
en œuvre les motifs de MIP et les motifs en réseau en une seule et même étape,  par la technique 
d’UV-NIL. Dans une première étape, le mélange de monomères est placé sur un support modifié. 
Ensuite, la protéine est encrée sur un moule et celui-ci est mis en contact avec le mélange de 
monomères. La polymérisation est ensuite réalisée par  irradiation UV. Une fois terminée, le moule 
est retiré. Les lames de verre se retrouvent ainsi avec une réplique MIP hydrogel. Ensuite, la 
technique de diffraction de la lumière sera utilisée pour détecter la protéine adsorbée sur l'hydrogel 
MIP (voir Figure 1). 
 
 
Figure 1. a) Fabrication des hydrogels MIP par UV-NIL a) et b) principe de diffraction de la lumière résultant des 
motifs d’hydrogel MIP. 
 
A partir de l'étude précédemment réalisée sur la diffraction par le LAAS, nous avons 
sélectionné les dimensions des lignes de 500 nm de largeur et d’un pas de 1 µm (+/- 15 nm) pour 
obtenir un signal de diffraction optimal. La fabrication des hydrogels nanostructurés a comporté 
plusieurs étapes: 
1- La modification de la surface de verre a été cruciale pour obtenir une couche adhérente 
sur laquelle l'hydrogel peut être attaché. La modification de surface a été étudiée avec deux 
composés différents, le γ-méthacryloxypropyltrimethoxysilane (MPS) et l’octadécyltrichlorosilane 
(OTS). Comme attendu, la silanisation de la surface du verre avec le MPS a fourni un hydrogel 
attaché avec succès à la surface après polymérisation. 
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2 – La fabrication de moules en silicium avec différentes tailles de réseau a été réalisée par 
lithographie par faisceau d'électrons. Ces moules ont été reproduits dans le des élastomères de 
polydiméthyl siloxane (PDMS), puis dans des résines NOA73 et SU-8. La capacité de ces moules 
pour créer la réplique des hydrogels de formulation 7/30 et 5/50 a été ensuite étudiée. Différentes 
couches anti-adhésives ont été appliquées sur la surface des moules afin d'optimiser le démoulage 
du film. Le moule de silicium initial a également été utilisé directement pour mouler l'hydrogel. Il 
s'est avéré être finalement le meilleur choix pour la qualité des répliques. En ce qui concerne la 
composition de l’hydrogel, les films obtenus à partir de la série 5 /50 ont montré les meilleures 
réplications en conservant avec une bonne qualité les lignes de 500 nm de large avec un pas de 1 
micron (voir Figure 2).  
 
 
Figure 2. Image AFM de hauteur et coupe transversale correspondant à a) la surface de silicium b), c) et d) SEMA5/50, 
HEMA5/50, AEMHC 5/50 répliques du moule Si respectivement. (Mode contact en liquide). 
 
Enfin, étant donné que les mesures par diffraction de la lumière sont faites à l’air, les 
modifications de la réplique d'hydrogel lors du séchage ont été suivies par AFM. Ceci a pour but de 
vérifier si les dimensions des réseaux restent compatibles avec le scanner à diffraction au cours du 
vieillissement. Les résultats sont assez favorables, car la largeur des lignes et le pas ont été modifiés 
respectivement de 26% et 1,2% en moyenne et la hauteur de 59% en moyenne sur 60 minutes de 
séchage, restant ainsi compatible avec les limites du scanner sur une longue période. Ceci est 
également à mettre en relation avec le fait que nous avons montré précédemment que le matériel 
après avoir été gonflé puis séché selon des cycles successifs ne subit pas de distorsions graves sur 
une période de 10 mois.  
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In the precedent chapters, we have described the hydrogel synthesis and its characterization. 
In addition, we have shown the structuration of the hydrogel in nanometric lines. The last step in the 
project relies on the synthesis of protein imprinted hydrogels. This presents several challenges 
including the integration of the protein within MIP and the transduction of the specific recognition 
process into a measurable optical signal.  In order to overcome difficulties concerning the latter, we 
have opted for two possible techniques: measuring the biological recognition event either via 
fluorescence or via light diffraction. 
As described in the introduction of the manuscript, solid surface microarrays as well as 
biosensors are versatile tools for investigating the genome and large-scale gene expression patterns 
as well as protein-binding activity. However, the main challenge of these approaches lies in the 
detection and quantification of the signal coming from the microarray. Recently, great efforts have 
been made to develop new biotechnologies such as optical sensors or so-called affinity biosensors 
(see introduction section) in order to improve the early, sensitive and selective detection of 
biomolecules.  
 The optical sensors are robust devices which present several advantages such as speed and 
sensitivity in detection. One of the main advantages of these sensors lies in their ability to analyze 
the system of interest in a non-destructive manner. In addition, they allow in situ sensing and thus 
measuring the detection event in real time. 
The currently available types of optical sensors can be divided in two groups: 1) label-based 
detection, including fluorescence or phosphorescence imaging or electrochemical methods and 2) 
label-free detection such as optical light diffraction or surface plasmon resonance (SPR) and quartz 
crystal microbalance (QCM) as piezoelectric transducer. It is largely beyond the scope of this 
section to give an exhaustive review of the optical techniques (see introduction section). Emphasis 
will be particularly placed on sensors based on fluorescence and light diffraction, corresponding to 
the two techniques which have been implemented in our investigation.  
The main limitation in biosensors lies in non-specific binding. For instance, in microarrays 
based on fluorescence detection, two different states can be differentiated, either the interaction 
took place or not. Usually, a negative control is carried out in order to define whether this 
interaction is specific or not. In contrast, the major advantages of sandwich assay is that it is based 
on two different bio-recognition molecule sites, thus increasing the selectivity of the recognition 
event limiting the inclusion of the non-specific event. Generally, most optical label free devices are 
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based on the measurement of a change at the surface instead of measuring directly the binding event 
between the bio-recognition systems and the target molecule. Therefore, if an attachment close to 
the bio-recognition system occurs (i.e. non-specific binding), the device will measure this event as a 
change in the surface distinguishing whether it is a specific or not specific interaction. In the case of 
microarrays based on light grating diffraction, there exist four different states of interaction, as we 
will describe in Section II. 1., thus allowing detecting directly a specific or non-specific interaction. 
In the following sections, we will briefly describe the principle of fluorescence and 
diffraction together with recent advances in the detection of biomolecules via both techniques. 
Moreover, we will present the results obtained in the detection of proteins within the MIP using 
these two techniques.  
 
I. Biodetection via Fluorescence  
I. 1. Theoretical Background  
Luminescence is the emission of light by certain substances produced by the return of an 
excited electron to a state of lower energy. This is divided in two main domains (categories): 
fluorescence and phosphorescence.  
When a molecule absorbs a photon, it gets promoted (i.e. excited) to a higher energy state, 
the different energy levels are represented by Jablonski diagrams (see Figure 1). The process can be 
divided in three-stage: a) excitation, b) excited-state lifetime and c) emission. 
a) Excitation.  
A photon of energy hυ is provided by an external source such as a laser or a lamp. Once the 
fluorophore absorbs this photon, its electrons are promoted from the singlet ground state (S0) to the 
first (S1) electronic state or higher (S2….Sn). In each energy level, the absorption of fluorophore can 
occur in a number of the vibrational energy levels (0, 1, 2, 3, etc).   
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Figure 1. General Jablonski energy diagram. It illustrates the process involved in the creation of an excited electronic 
singlet state by optical absorption and the subsequent emission of fluorescence and phosphorescence including 
transitions between electronic states of a molecule. Discontinuous lines depict non-radiative transitions. ISC is 
intersystem crossing and IC the internal conversion  
 
b) Excited state-lifetime  
Excited states of a fluorophore are unstable and, generally, the fluorophore rapidly relaxes to 
the lower vibrations of the singlet. This passage is known as internal conversion level (IC). The 
lifetime of a fluorophore represents the time during which the fluorophore remains in the excited 
state prior to return to its ground state. It is typically between 1 to 10 nanoseconds. During this time, 
the fluorophore undergoes conformational changes. In addition, it is subjected to multiple 
interactions/collisions with its molecular environment (such as solvent) and can react with other 
species (e. g. dissolved oxygen).  
c) Emission  
The fluorophore at the excited state S1 will reach the ground state via different competitive 
processes: 
- The excited electron relaxes emitting a photon and thus losing its energy. The molecules 
return to the ground state by fluorescence emission. This is a favorable process being readily and 
quick with emission rate of fluorescence kp about 0. 1 ns-1 (108 s-1).[1] The excited electron can also 
relax dissipating partially the energy in the medium as heat. Due to this dissipation, the energy of 
the emitted photon hʋem (with longer wavelength) is smaller than the excitation one hʋex. The 
difference between the corresponding wavelengths (λex - λem) is called the Stokes shift.  
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- The excited electrons can transfer their absorbed energy to molecules located nearby and 
therefore the intensity of fluorescence will decrease. This effect is called quenching. This energy 
transfer can take place by different mechanisms such as collision with other molecules called 
quenchers or by energy transfer at distance (fluorescence resonance energy transfer FRET), in 
which the fluorophore is deactivated, but not destroyed.  
- A transitory path occurs to the excited triplet state T1 of lower energy than S1. This is 
called intersystem crossing. The triplet state is energetically unstable, and emission of a photon 
produced by the return of the excited electron to S0 is called phosphorescence. The latter is a slow 
and weak process in which the molecules can remain excited much longer (millisecond to seconds). 
 
I. 1. 1. Photostability 
Every fluorophore is susceptible to photobleach, in other words it can undergo 
photochemical decomposition during light exposure. The mechanism of photobleaching is not 
known with precision, however, it is assumed to be related to a transition from the excited singlet 
state to the excited triplet state. As we have cited above, the fluorophore in its excited state has 
some probability to participate in chemical reactions (photochemical reactions), particularly with 
reactive oxygen species (free radicals). Therefore, the fluorophore loses its fluorescence properties. 
The number of excitation-emission-cycles depends on two factors; (i) the intensity and energy of 
the excitation light and (ii) the molecular structure and chemical environment of the fluorophore. 
Therefore, some fluorophores bleach after emission of only a few photons, while other can emit 
substantially more. 
 
I. 1. 2. Fluorescence Labeling  
Inherent fluorescence of proteins is induced in some case by the so-called intrinsic 
fluorophores encountered in their structure. Such fluorophores are small molecules or combination 
of residues which are naturally fluorescent. Aromatic amino acids such as tryptophan, tyrosine and 
phenylalanine but also flavins, pyridoxyl derivatives, chlorophyll or enzyme cofactors such as 
NADH are some of these intrinsic fluorophores. However, they show a relative low quantum yield 
(i.e. the number of emitted photons relative to the number of absorbed photons), for instance the 
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quantum efficiency for tryptophan is ~ 0.13.[1] Therefore, the technique most commonly used for 
the detection of biological interactions is the labeling approach. Radioactive isotopes such as 32P, 
35S or 125I have been used to label biomolecules due to their high sensitivity. However, 
radiolabeling process remains dangerous and difficult for both user and environment.[2] In contrast, 
fluorescence labeling technique has been largely developed due to easy functionalization and does 
not present, in principle, health hazards. Even if fluorescence labeling is less sensitive than the 
radiolabeling, it is a powerful method to obtain information about the structure, molecule dynamics 
and mechanism of actions of the labeled molecule.[2, 3] Fluorophore labels can be organic or 
inorganic molecules such as nanoparticles. 
 
I. 1. 2. 1. Organic Fluorophores 
The fluorescent organic probes are small molecules containing a skeleton including 
conjugated heterocycles dyes molecules. They can be covalently and site–specifically tethered to 
biomolecules on purpose, so that the latter can be visualized or analyzed by fluorescence. The most 
widely used organic dyes are cyanines such as Cy3 and Cy5, followed by their homologues Alexa 
fluor dyes (see Figure 2) and also fluorescein, Bodipy TMR and rhodamine derivatives reagents.[4] 
Typically, fluorescence lifetimes are between 0.5 and 5 nanoseconds for organic fluorophores. 
These organic fluorophores show certain limitations that affect their application of fluorescence in 
biology. They exhibit a narrow excitation with broad emission spectra. This restricts the possibility 
to multiplex, in other words, limits the number of fluorophores that can be concurrently used 
without emission spectra overlapping. In addition, their major limitation lies in their moderate 
sensitivity due to low signal amplification; the detection will depend on the concentration of the 
fluorophores attached to the biomolecules which are generally limited to one or few of them. 
Therefore, the amount of fluorophores bound to the microarray surface is very low. This 
necessitates narrow optical band-pass filters for background suppression and high light intensities, 
which is a major problem because most organic dyes tend to photobleach.[5-7] The photobleaching 
may be promoted by the presence of molecular oxygen. Oxygen shortens the triplet excited state of 
the fluorophores by quenching, producing highly reactive singlet oxygen which can then attacks the 
fluorophore and bleaches it.[8] In turn, the fluorophore lifetime will be preserved for longer times in 
absence of oxygen. 
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Figure 2. Structures of a) cyanine dye, Cy3 (λex = 552 nm, λem = 570 nm) and b) examples of an of Alexa fluor (λex = 
546 nm, λem = 580 nm) 
 
Sensitive DNA detection is extremely important in clinical diagnostics, gene therapy, and a 
variety of biomedical studies.[9] In order to accomplish DNA detection, fluorescent dyes molecules 
are usually used to signal, for instance, the hybridization event. Among others DNA labeling is 
typically carried out directly integrating a nucleotide labeled with the fluorophore into the 
polymerase chain reaction (PCR), which is a biological method that amplifies a DNA template to 
produce specific DNA fragments in vitro. 
 
I. 1. 2. 2. Nanoparticles  
The limitations of the organic fluorophores can be overcome by the use of quantum dots, 
silica, and metal nanoparticles. Quantum dots are fluorescent semiconductor nanocrystals usually 
composed of CdSe/ZnS core/shell systems. Their surface can be modified with biocompatible 
compounds to attach the molecule target. They show narrow and tunable emission spectra and 
Stokes shift according with their size (form 2 to 10 nm) and composition.[10] Therefore, a mixture of 
quantum dots can exhibit every color at the same time when a single excitation wavelength (from 
UV to red) is used. Hence, many quantum dots can be analyzed simultaneously in the same array, 
avoiding overlapping of their emission spectra. Due to their high quantum yield and high 
photostability, they show bright fluorescence.[5-7] The fluorescence lifetime of quantum dots can be 
as long as several milliseconds. Despite the several advantages provided by the quantum dots, most 
fluorescence scanners are equipped with green and red lasers optimized for the detection of standard 
fluorophores such as Cy3/Cy5 with excitation wavelengths at ca. 550 nm and 650 nm respectively. 
Nonetheless, quantum dots are more efficiently excited at wavelengths shorter than 530 nm.[11] In 
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contrast, quantum dots show non-specific adwsorption on the surface; therefore, high background 
signals are observed.  
Several investigations have been made using quantum dots for proteins labeling. One 
example of this approach was presented by Goldman et al.[12] Two types of toxins were 
immobilized in a hydrogel and attached by their corresponding biotinylated antibodies. The 
complex was then detected by using streptavidin coated with quantum dots. In order to increase the 
sensitivity of the proteomics arrays, reversed-phase microarray technology was described by 
Rosenblatt and coworkers.[5] This technique consists in first immobilizing the target of interest on a 
substrate. In fact, different cell lysates (containing the proteins to be detected) were deposited on 
nitrocellulose slide support and a primer antibody was then attached followed by a biotinylated 
secondary antibody. Pegylated streptavidin-conjugated quantum-dots were eventually incorporated 
into this microarray to achieve an increase in the signal (see Figure 3). They reported a good 
sensitivity with a minimal non-specific recognition due to the pegylated layer used to coat the 
quantum dots.  
 
 
Figure 3. Schematic illustration of reversal-phase microarray.[5] 
 
Another technique using nanoparticles (NP) consists in labeling the biomolecules with silica 
NPs charged with fluorophores. Silica NPs are easy to manufacture with selected diameters. Inside 
the silica beads, thousands of dye molecules can be encapsulated, providing a high intensity in 
fluorescence signal. Moreover, because the dyes are inside the beads, they are partially protected of 
a possible photobleaching, since oxygen has less access. In addition, the silica surface can be easily 
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modified providing functional sites for biomolecule conjugations. As we have already mentioned, 
the limited amount of fluorophores which can be linked to a single DNA probe provides a low 
fluorescence signal. In order to enhance the amplification signal of the hybridization event, Tan and 
coworkers described a methodology using silica nanoparticles (10-100 nm) enclosing 
fluorophores.[9] The assay was constituted by three DNA strands, a capture DNA 1, a probe DNA 3 
labeled with silica NPs and the target DNA 2. The combined sequences of DNA1 and DNA3 were 
chosen to be the complement of the target DNA2. The approach was accomplished on an avidin-
coated glass surface by immobilization of a first biotinylated DNA1. NP- DNA 3 and target DNA 2 
were then added for hybridization (see Figure 4a). Since one NP-DNA 3 was tethered to one DNA 
2, the quantification of hybridized DNA2 was possible. It was carried out by counting the 
fluorescent spots which are proportional to the concentration of DNA 2 (see Figure 4b). The 
amplification signal by the NP as fluorescence probe was found to be 104 times higher than when 
the same experiment was carried with DNA 3 conjugated with a single fluorophore. The detection 
limit obtained for this assay was 0.8 fM. 
 
 
 
Figure 4. a) Schematic illustration of a sandwich DNA assay based on silica NP and b) Images showing fluorescence of 
samples with decreasing target DNA concentration (left to right, 3.0 x 10-12 M, 5.0 x 10-14 M and 1.0x 10-14 M 
respectively) [9] 
 
I. 1. 2. 3. Fluorescent Proteins 
As we have described above, several proteins bear aromatic amino acids such as tryptophan, 
tyrosine and phenylalanine which are naturally fluorescent upon UV light exposure; however, their 
quantum yields are relatively low to induce a sensitive signal. Nonetheless, they have been used for 
fluorescence lifetime analysis.[13] 
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Fluorescent proteins can be used as an alternative for labeling biomolecules. For instance, 
phycobiliproteins (e.g. R-phycoerythrin, RPE) have been conjugated to proteins such as streptavidin 
for microarray applications due to their high quantum yield. RPE-streptavidin for example is 
commercially available.[14] In addition, the signal can be amplified when these proteins are 
specifically recognized by their corresponding labeled antibody (antiRPE). The signal intensities 
achieved using this complex is improved compared with some organic dyes.[15] 
In addition, biosensors based on fluorescent proteins provide the monitoring and 
quantification of specific biological molecules in vitro and in vivo (for further information see 
review ref.[16]). Recently, research has focus on fully understanding the location of proteins, their 
dynamics and activities as well as protein-protein interaction in vivo. For instance, green 
fluorescence protein (GFP, discovered in Aequorea victoria jellyfish) is one of the most common 
fluorescent proteins used for this purpose. It can be used as a fluorescence tag of proteins by genetic 
engineering modification resulting in the so-called fused proteins.[17] The latter are proteins 
synthesized by fusing genes of the fluorescent protein with those of the protein of interest. GFP can 
be also used as a model protein in vitro assay to develop protein array on top of DNA microarray 
linked to a specific DNA binding domain.[18] Genetic modification of the original GFP structure 
provides a large number of novel fluorescent proteins.[19] However, its quantum yield is lower than 
that of some organic dyes and it is prone to a fast photobleaching. 
 
I. 1. 3. Polymer Networks 
 In several cases, the analyte concentration and density of adsorbed biomolecules on flat 
supports (2D) are limited by the external surface area offered. In addition, direct immobilization of 
proteins onto a surface support can lead to its denaturation. For that reason, surfaces based on 
hydrogels, nitrocellulose or nylon membranes are more suitable, providing an environment closer to 
that of protein, maintaining their native form. In addition, they are 3D materials (matrix) and offer a 
larger surface for the immobilization of proteins. However, an increase in non-specific adsorption is 
generally obtained.  
Based on biomolecular fluorescence quenching and recovery method (BFQR) Hamachi et 
al. reported the detection of a glycoconjugate library by a fluorescent lectin assay in a hydrogel.[20] 
The approach using a hydrogel in which the fluorescein-labeled lectin (F-lectin) was immobilized. 
The protein fluorescence was turned-off by adding specific quenchers. In turn, the fluorescence 
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recovery was then achieved by introducing a target saccharide which was selectively recognized by 
the lectin, displacing the quencher (see Figure 5a). Figure 5b displays one original example in 
which a red fluorophore (octadecyl rhodamin-B) was incorporated in the hydrogel matrix by 
hydrophobic interactions and thus did not interfere in the lectin immobilization in the aqueous 
cavities. Basically, the chip was composed of F-lectin, the fluorophore and the quencher, therefore 
the fluorescence of the lectin was quenched and only red fluorescence was monitored. Once the 
corresponding saccharide was added in larger concentration, the intensity ratio of green 
fluorescence (fluorescein) over the red (OR-B) increased. Using this chip, several sugars such as 
glucose were detected in different cells. The main drawback of this approach lies in the 
impossibility to obtain low detection limit due to the competition between the saccharide and the 
quencher. 
 
 
Figure 5. Schematic illustration of BFQR fluorescent detection system on hydrogel chip. Fluorescent lectin in hydrogel 
chip.[20] 
 
 The same group presented in 2009 a new methodology using modular, quenched ligand 
directed tosylate (Q-LDT) reagents to convert target proteins to ‘turn-on’ fluorescent biosensors in a 
one-step labeling procedure. The purified proteins or the same proteins in cell lysate were 
fluorescently labeled with Q-LDT reagent and then used as biosensors based on the BFQR 
mechanism (see Figure 6).[21]  
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Figure 6. a)Schematic illustration of the strategy for the Q-LDT-mediated construction of turn-on fluorescent 
biosensors. On one hand, the quencher and the fluorescent dye are synthesized together with a protein ligand using a 
tosylate linker. On the other hand, upon binding of the ligand moiety to the target protein, the fluorescent dye is 
covalently transferred to a nucleophilic amino acid present on the surface of the protein. Even if the ligand is cleaved 
off, it remains non covalently bound to the ligand binding pocket of the protein, thereby it still can quench the 
fluorescence. The fluorescence is only recovered when a specific analyte is introduced, replacing the quencher-ligand 
on the protein. b) Photograph of the protein Carbonic anhydrase II (CAII) labeled with Q-LDT in the absence (left) and 
presence (right) of it specific analyte.[21] 
 
I. 1. 4. MIPs 
One of the major challenges in the development of molecularly imprinted polymers as 
biosensors is the signal transduction. As previously mentioned, fluorescence is considered as a high 
sensitive technique and thus, frequently used for detection and imaging of biological active 
compounds. However, hitherto, little work has been conducted regarding the molecular imprinting 
of fluorescent proteins for visualization and measurement of the recognition process in biosensors. 
This fact is due to the problems related to proteins and polymers auto-fluorescence. In order to 
achieve fluorescence signal transduction of MIPs, three different strategies can be followed. The 
first relies on the use of a fluorescent protein as a template molecule, and the recognition event can 
be monitored directly. Secondly, non-fluorescent proteins can be labeled with fluorophores such as 
quantum dots or organic dyes.[22-25] For instance, Puleo et al.[23] used Alexa fluor 350 and 488 to 
label lysozyme and Alexa fluor 594 for RNase A. The MIP was synthesized via UV irradiation 
creating a 3D MIP in thin layers. After washing and rebinding the protein within MIP, the 
fluorescence was investigated. They found that the MIP bound up to 20 times more lysozyme than 
RNase in a competition test. Searson et al.[25] presented a polyacrylamide based MIP hydrogel 
synthesized with maltose binding protein, labeled with Cy3, as a template via redox polymerization. 
The average number of Cy3 molecules per protein was 1, as calculated by UV-vis spectroscopy. 
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This allowed them to quantify the binding event using a calibration curve, converting the 
fluorescence intensity from the polymer films to protein concentration. The selectivity of the MIP 
films was verified by performing rebinding experiments with bovine serum albumin (BSA) and 
ovalbumin (OVA) proteins. The imprinting factors were 0.98 and 1.2 for BSA and OVA binding 
whereas for MPS was 3.3. Another example was presented by Lee and coworkers.[22] In their 
investigation, MIP nanoparticles with quantum dots as fluorophore probe were synthesized (see 
Figure 7). The protein templates were amylase, lipase and lysozyme which are present in saliva. 
The rebinding test was carried out using the saliva of the authors; once the protein was recognized 
specifically by its corresponding MIP, the fluorescence decreased. This decrease in fluorescence 
after protein rebinding was argued as a change in the local environment of the quantum dots with a 
subsequent quenching (mechanism unknown). The detection limits were found to be 0.1, 0.1, and 
0.013 µg mL-1 for amylase, lipase and lysozyme respectively.  
 
 
Figure 7. Labeled amylase-MIP nanoparticles with quantum dots.[22] 
 
Another possibility to image the recognition process is to introduce fluorescent binding sites 
in MIPs. Therefore, the change in fluorescence signal after protein template binding is measured. 
Fluorescent functional monomers have been used to synthesize the imprinted polymer; however, the 
final polymer showed high background fluorescence. To minimize this auto-fluorescence, Bright 
and coworkers described a new process called protein imprinting xerogels with integrated emission 
sites, PIXIES.[26] Specifically (see Figure 8), an MIP was first synthesized using ovalbumin protein 
as a template and the latter was then removed by washing. In a separate step, the protein was 
labeled with a photoactivable luminophore composed of succinimidyl ester of BODIPY FL, 
forming a complex. This complex was added to the xerogel filling all accessible ovalbumin-
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template xerogel sites and thus allowing the luminophore to be close to the template site. Upon 
photoillumination, the luminophore was inserted into the xerogel template sites by covalent 
bonding. The protein was then removed, leaving a cavity in which the luminophore is bound in the 
integrated emission site. The change in signal resulting from analyte binding was detected using a 
fluorescence microscope. They used PIXIES to selectively identify two different human 
interleukins alpha (IL-1α) and beta (IL-1β) as a template which are 27% homologues. They 
compared their detection limits results with ELISA assay kit for the same templates obtaining for 
ELISA assay 0.6 pM and 1.4 -1.7 pM for PIXIES and selectivity factors within a factor of 2-3 
times. The response was two orders of magnitude better with PIXIES in comparison to the 
corresponding ELISA. 
 
 
Figure 8. The PIXIES fabrication process.[26] 
 
The next section deals with our work on protein imprinted polymer and the transduction of 
the binding process via fluorescence technique. First we describe the basis of the fluorescence 
scanner followed by the preliminary tests of MIP using different proteins in order to find a good 
agreement between the MIP synthesis conditions and the properties of the proteins. Then, we 
described the results obtained using a nanopatterned MIP. 
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I. 2. Preliminary Considerations for MIP Rebinding Characterization by Fluorescence 
I. 2. 1. Fluorescence Scanner  
The fluorescence detection was performed on an InnoScan900® from Innopsys S.A. The 
scanner is composed of two separate laser diodes with different excitation wavelength, 635 nm and 
532 nm (see Figure 9). When irradiated, the sample emits light which is filtered at specific 
wavelengths resulting in two monochromatic images. These images are then imported in the 
software where they are pseudo-colored. More precisely, if the emitted signal is filtered at 650-700 
nm, the monochromatic image will be colored in red, whereas if the emitted signal is filtered at 550-
590 nm, the image will be colored in green. The resultant pseudo-colored images are then merged 
and analyzed by the computer. 
 
 
Figure 9. Schematic representation of fluorescence scanner operation. [27] 
 
In addition, the scanner is composed of two photomultipliers (PMT) having a linear 
variation of the gain (from 0 to 100 %).  The factor called “gain” is actually an attenuator, like a 
window. The goal of this attenuator is to regulate the emitting beam. In the case of the Innopsys 
apparatus, the observed signal is proportional to gain. The advantage of this scanner is that, as the 
variation of the gain is linear, the background noise is not modified. In contrast, among competitors, 
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gain modification changes the applied intensities to the electrodes in the photomultiplier. This fact 
implies that the response is not linear and an increase in gain will also increase the electronic noise. 
Consequently, images measured at different gains cannot be compared. The main drawback of these 
systems is that the fluorescence scanner is only compatible with “standard” fluorophores such as 
Cy5, Alexa 647 and Alexa 660 fluorophores at 635 nm and fluorophores such as Cy3, Alexa 546 
and Alexa 555 at 532 nm.  
The resulting fluorescence image can be used to quantify the concentration of the target 
molecule in the MIP hydrogel. In order to determine this concentration from fluorescence intensity, 
it is necessary to use a calibration curve previously made with the target of known concentration. 
The fluorescence results can be also used as a relative quantification analysis to compare two 
similar situations when the concentration of the target molecule is unknown. We will employ the 
second case because when using the labeled protein, the amount of the organic fluorophores linked 
to the protein was unknown. Moreover, the important factor in our case is the imprinting factor 
between MIP and NIP, not the real concentration of protein.  
 
I. 2. 2. Experimental Parameters Set up 
As mentioned in Section I. 1. 4, “MIP synthesis with protein as a template”, three different 
strategies can be used: use of a fluorescent protein, a protein labeled with a fluorophore or 
introduction of a fluorescent binding site in the MIP. We have chosen the first two. In order to find 
the optimum parameters for visualizing the presence of proteins in MIP via fluorescence analysis, 
several factors have to be examined. The first one is the stability of the fluorophore during the 
polymerization process. Indeed, many fluorescent probes that can be linked to proteins are not 
compatible with radical processes, losing their fluorescence. In order to check this fact, we 
synthesized the imprinted hydrogel with streptavidin-Cy5 as a template via redox polymerization. 
When the sample was analyzed with the scanner, no fluorescence was observed, confirming that the 
radicals formed during polymerization reacted with the fluorophore double bonds eliminating its 
fluorescence. By choosing naturally fluorescent proteins such as GFP or mCherry, this problem can 
be overcome, because the fluorescence comes from a spatial arrangement of several amino acids.  
The second parameter is the possible auto-fluorescence of the MIP itself. Even if no 
aromatic groups are present in the formulation, the material can exhibit auto-fluorescence which 
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might completely mask that of the protein if happening at the same wavelength. This is particularly 
the case for fluorescence in the green wavelengths.  
Finally, another parameter is the choice of the equipment to analyze the fluorescence. If this 
might appear as evidence, it is however very important to use an instrument which is compatible 
with the wavelengths used. This can become a problem for instance when using fluorescence 
scanners, because these instruments have been developed for the analysis of DNA chips working 
with only few fluorophores such as Cy5 or Cy3. Since these cannot be used for the polymerization, 
it is then necessary to find a fluorescent protein which is compatible with the lasers and the filters of 
the scanner. Based on this remark, three proteins were selected for this preliminary study: Green 
Fluorescent Protein (GFP), mCherry and Glutathione S-transferase (GST).  
 
Protein Molecular  Weight Isoelectric point (pI) 
GFP 27 - 30 kDa 5.34 
mCherry 28.8 kDa 6.2 
GST 26  kDa 6.6 
 
 
The first two are naturally fluorescent proteins which resist to radical processes and the third 
protein, GST, is not fluorescent by itself. However, anti-GST fluorescent antibodies are 
commercially available, which can lead to a visual detection. mCherry was soon ruled out because 
its wavelength of maximum emission (610 nm) is beyond the limit of the red scanner filter (650-700 
nm) and thus the scanner cannot detect it in the red .    
In a first approach, millimetric patterns (see Chapter II, Section II. 2) were formed on a glass 
slide and the polymerization was carried out by irradiation after deposition of the protein and the 
monomer solution. This enabled us to observe the fluorescent patterns by a fluorescence scanner 
and to check the difference in fluorescence intensity between patterns containing the fluorescent 
protein (MIP) and the others (NIP). At this step, GFP proved to be a poor choice, because of an 
unexpected auto-fluorescence of the polymer. Casein protein is commonly used to reduce the non-
specific interaction and also the auto-fluorescence (see Figure 10). Therefore, casein solution was 
incubated onto the hydrogel after being synthesized with GFP, in order to decrease this auto-
fluorescence. However, the fluorescence decreased in the overall slide in NIP as well as in MIP 
cavities. These results brought us to reject GFP.  
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Figure 10. Incubation of casein on hydrogel film containing MIP and NIP areas in order to reduce hydrogel auto-
fluorescence. 
 
GST was then preferred for preliminary tests owing to its availability. This implied the use 
of the fluorescent antibody anti-GST-Cy5 as a secondary probe. MIP (with GST) and NIP (in 
absence of protein) were synthesized in different millimetric patterns of same substrate. The 
passivation of the surface with bovine serum albumin (BSA, 69 kDa) was then achieved before 
GST-antiGST binding test. The passivation of the surface not only masked the functions outside the 
imprinted cavities, but also formed a molecular layer of BSA reducing the non-specific binding of 
the anti-GST-Cy5 in the subsequent step (see Annexe Chapter III, section II.1).[28] 
  Based on the literature, several washing methods were examined in order to promote the 
protein extraction from MIP cavities, either using only sodium chloride solutions or acetic acid or 
sodium dodecyl sulfate (SDS). Figure 11a and b presents an example of simple sodium chloride 
washing. In this case, the fluorescence intensity before and after washing did not change, showing 
that such a washing does not work in these conditions. Based on Kofinas et al.’s work,[29] a new 
protocol was applied to promote the protein removal. It consisted first in washing three times with 
deionised water, allowing the removal of the unbound fraction of antibody or protein, then four 
times with 20 ml of AcOH:SDS solution (10%(v/v):6x10-3%(w/v)) for 30 minutes in order to 
remove the bound fraction. 
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Figure 11. Fluorescence images of MIP after washing steps (λ = 635 nm). a) Washing with 3mM NaCl b) washing with 
150mM NaCl and c) washing with SDS/AcOH. The rectangle represents the position of non imprinted material.  
 
Kofinas et al. discussed that the presence of the SDS in MIP cavities can induce uncorrected 
rebinding of the protein after washing. They explained that during the washing series, the SDS 
molecules can bind to the fraction of proteins which are permanently trapped in the MIP cavities. 
Then, in the rebinding step, the proteins interact with the SDS bound in the imprinted hydrogel 
resulting in an unusual high affinity binding, which does not correspond to the recognition 
properties of MIP. In order to ensure the removal of all SDS molecules on the MIP cavities, 3 
washing series with 20 ml of NaCl 150 mM and three final washings with deionised water were 
carried out. As a result, the red fluorescence decreased significantly (see Figure 11c). Thus, in this 
case, only the addition of SDS in the presence of acetic acid led to a strong decrease of the 
fluorescence. 
Following these washing steps, rebinding was assessed. For that, GST was added in all the 
patterns (washed MIP and NIP). The surface passivation with BSA and subsequent addition of anti-
GST for protein recognition was carried out as previously discussed and the imprinting factor was 
then calculated. In this investigation the imprinting factor (IF) is defined as the ratio between the 
average fluorescence intensity in MIP and NIP. An imprinting factor of 1.0 corresponds to no 
selectivity to the target protein. Hence, the fluorescence intensity after GST rebinding, showed a 
slightly higher preference of GST towards MIP versus NIP of 1.4. It is important to point out here 
that the IF values are calculated through a relative quantification because the concentration of 
antibody versus protein is not proportional. Indeed, in order to exploit the antibody quantitatively, a 
stoechiometric ratio between the antibody and the protein should be used, which would be far too 
expensive owing to the number of proteins on the surface.  
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The use of fluorescence scanner is an efficient qualitative method. It enables to discriminate 
between the presence and the absence of the molecule. However, quantification is more difficult, 
because all images have to be performed in exactly the same conditions (spot size, scanning rate, 
gain and laser power) to compare the measured intensities. Moreover, these strategies need an 
elaborate process, involving steps (such as surface passivation) which can introduce supplementary 
errors or artifacts, which can affect the outcome results. 
The above results are summarized as follows:  
- Proteins labeled with cyanine organic fluorophores are not compatible with polymerization 
reaction. Therefore, these proteins are not suitable as a template for the MIP synthesis. 
- GFP was also rejected for imprinted hydrogel preparation due to the unexpected auto-
fluorescence of the hydrogel, overlapping that of GFP.  
- Red fluorescent proteins were then selected in order to overcome the drawback shown for 
labeled protein or green proteins. However, to the best of our knowledge no commercially 
scanners are adaptable to the wavelength of red fluorescent proteins.[30] The approach 
involving non-fluorescent GST protein and using anti-GST labeled Cy5 as a secondary 
probe gave satisfactory preliminary results showing a slight selective recognition. However, 
this strategy provides relative analyses and non quantitative one which is essential in our 
investigation.  
- It has also highlighted the importance of a suitable washing protocol to remove the protein 
and to ensure a complete removal of any molecule from the wash that can induce an 
inadequate control and representation of the results.    
These preliminary tests prompted us to carry out the creation of MIP hydrogel using classic 
proteins as a template. The following investigation will then be focused on fluorescence detection 
doing a relative quantification of the MIP and NIP response. The experiments are performed using 
streptavidin (tetramer of about 58 kDa) as non-fluorescent protein template. Two different strategies 
were chosen to visualize the presence of the protein in MIP cavities. The first one relies on the use 
of biotin-DY-636 (DY-636 is an analogue of Cy5) as a secondary probe. Streptavidin (abbreviated 
STV in the following) structure bears a single biotin-binding active site in each of its monomers 
showing a high affinity for biotin. Therefore, they form a STV-biotin complex which is considered 
as one of the strongest biological interactions (association constant Ka= 1015 M-1).[31] In the second 
strategy, the imprinting process will be followed by the rebinding of the same protein but labeled 
with Cy5 fluorophore.   
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I. 3. MIP of Streptavidin.  
I. 3. 1. Biotin- DY-636 as Secondary Probe. 
In this approach, nanometer patterns (see Chapter II, Section II. 4) were formed on a glass 
slide by UV-NIL and the polymerization was carried out by irradiation after deposition of the 
protein and the monomer solution (see Figure 12).  
 
 
Figure 12. Schematic representation of nanopatterned MIP of STV via UVNIL and subsequent detection of STV by 
biotin-DY-636 interaction.   
 
 
Once the polymerization was finished, the silicon mold was peeled off, the nanopatterned 
film was rinsed with milliQ water and scanned at 635 nm. Figure 13a shows the fluorescence image 
corresponding to the film after synthesis. A very weak auto-fluorescence is observed whose 
intensity is very low compared to regular fluorophores. It is noteworthy that the hydrogel seems to 
absorbed light in a broad wavelength range, emitting a strong light in the green spectra (as we have 
already explained) and slight emission in the red spectra. Therefore, in this case this will not 
constitute a major problem. This auto-fluorescence gives us an idea of background fluorescence 
which has an average value of 200. This background fluorescence however is quite low since the 
MIP array, before addition of the fluorescent probe, can be only slightly observed.   
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Figure 13. Fluorescence images of nanopatterned MIP of STV (λ = 635 nm). a) After synthesis, average fluorescence 
intensity ca. 200, b) after incubation with 2 µl biotin-DY-636 ([biotin- DY-636] = 25 µg/ ml) on each array, average 
fluorescence intensity ca. 12500 and c) after washing cycles, fluorescence intensity ca.3000.  
 
In a following step, 2 µl of a biotin-DY-636 ([biotin-DY-636] = 25 µg/ ml) were added on 
each array and after a period of 5 minutes, the film was rinsed with milliQ water prior to analyze the 
fluorescence. In Figure 13b, we can observe the biotin-DY-636 spots covering the arrays, the 
integration of the fluorescence intensity in the arrays resulted in an average of 12500. This result 
revealed a possible interaction between STV and biotin. Moreover, a non-imprinted control was 
carried out preparing the NIP in absence of protein following the same conditions described above. 
The integration of fluorescence intensity after biotin-DY-636 incubation in NIP hydrogel was ca. 
1500. The adsorption of biotin-DY-636 alone in NIP gives an idea of the residual fluorescence that 
is associated with biotin alone, without STV. This fluorescence is eight times lower than what is 
obtained when the selective interaction between STV and biotin takes place (as was obtained with 
the MIP). 
The film was washed in order to remove the STV-biotin complex, prior to STV rebinding 
experiments. This was carried out to check the MIP ability in specifically recognizing STV. The 
washing step was carried out following the same protocol described in Section I. 2. 2. The scan 
revealed a decrease in fluorescence showing an average intensity ca. 3000 corresponding to the 
biotin presence. In order to suppress completely the fluorescence, the film was washed with 
different ratios of AcOH:SDS, i.e. 15%(v/v):0.5%(w/v) (20 ml, 3 times) and 15%(v/v):10%(w/v)  
(20 ml, 3 times) and finally with acetonitrile (ACN). The final fluorescence image showed no 
variation in the fluorescence with a value of 3000 (see Figure 13c). Moreover, NIP film was washed 
in the same way and the final fluorescence did not change after washing, exhibiting fluorescence 
intensity at 1500. 
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Two possible arguments can explain this fact. The first is the high probability that biotin 
molecules remain adsorbed within the hydrogel matrix, due to interactions with amide groups in its 
structure (see Figure 14). This argument is reasonable since the same situation was found for both 
MIP and NIP.  
 
 
Figure 14. Biotin structure. 
 
The second explanation can be related to the protein adsorbed in the hydrogel matrix. For 
instance, Hawkins et al.[32] made a detailed study of the protein removal from an acrylamide 
hydrogel. In detail, the MIP hydrogel was synthesized using acrylamide and mBisA as monomers 
and bovine Hemoglobin as a template (BHb). The protein removal was carried out using a similar 
washing procedure to ours. They reported that the use of AcOH:SDS (10% (v/v):10%(w/v)) was the 
most efficient, however, the maximum extraction of protein obtained was only 48%. Kofinas et 
al.[29] made the study of protein extraction using the same hydrogel and template than Hawkins et al. 
In their case, 55% of protein was removed after the washing series with deionized water and 10%: 
10% AcOH: SDS. Both authors gave an explanation for the incomplete protein extraction. In the 
case of Hawkins et al., they reported that the SDS micelles could not physically penetrate within the 
imprinted cavities due to the large size of the protein (BHb, 5.5 nm). Therefore, only electrostatic 
interactions generated in the interface of their surface will partially promote the removal of proteins. 
In addition, the low pH in the solution can denaturize the protein. It is known that the SDS micelles 
have a diameter size between 4 and 5 nm depending on SDS concentration.[33] Their theory would 
then be only possible if the MIP cavity is strictly the size of the protein. However, in their article, 
the cavity size is not specified. In the example of Kofinas et al., the incomplete extraction was 
explained by a percentage of proteins which was covalently linked to the MIP cavities. 
The main difference between the systems investigated in previously mentioned literature and 
ours is that they use 3D MIPs, whereas we adopted a 2D approach. In theory, the protein should be 
extracted more efficiently using 2D MIPs. Our conditions were very similar, the synthesis was 
carried out via free radical polymerization and the STV size is around 4 nm. The same washing 
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protocol was carried out. The reason for the retained fluorescence, even after several washes, could 
be a combination of arguments. These involve protein molecules which are covalently linked to the 
MIP cavities and the adsorption of the biotin to the matrix. However, the inability of SDS 
molecules to penetrate in the cavities for our case is not true anymore since that the MIP cavities are 
at least 20 nm wide.  
 
I. 3. 2. Rebinding step with STV-Cy5 
This strategy was carried out in a similar manner as previously explained with some 
modifications (see Figure 15).  
 
 
Figure 15. Schematic representation of nanopatterned MIP of STV via UV-NIL, protein extraction and subsequent 
rebinding with STV-CY5.   
 
 
 
MIP and NIP were synthesized following the same procedure as above. The final 
nanopatterned films were washed with milliQ water, AcOH:SDS (10%(v/v):10%(w/v)), NaCl (aq.) 
and milliQ water and STV-Cy5 protein was rebound. After rebinding on MIP, the average 
fluorescence intensity in MIP was around 5000 (see Figure 16a). NIP fluorescence was found to be 
the same as MIP fluorescence. The latter fact could be due to the non-specifically bound protein. 
Both MIP and NIP films were washed for 48 hours in mild conditions with PBS solution in order to 
remove the non-specifically bound protein. Surprisingly, the fluorescence considerably decreased in 
both MIP and NIP (see Figure 16b) loosing 5/6 of their initial fluorescence. During the incubation 
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step, the protein solution dried at the surface; it is therefore possible that this step affects the 
rebinding process. The following experiments are devoted to a better understanding in rebinding 
process.   
 
 
Figure 16. Fluorescence images of nanopatterned MIP of STV after protein removal (λ = 635 nm). a) After rebinding 
with STV-Cy5 ([STV-Cy5] = 100 µg/ ml, average fluorescence intensity ca.  5000 and b) after mild PBS wash of the 
MIP film, average fluorescence intensity ca. 900. 
 
The type of monomer mixture and drying completely or not the protein before 
polymerization, are factors which can be essential in the efficiency of MIP preparation. Moreover, 
the type of monomer mixture, the washing step and reincubation protocol are also involved in the 
efficiency of the rebinding event. In order to assess the optimum conditions for the rebinding, the 
system was simplified (see Figure 17). Thus, 4.5 µl of STV ([STV] = 100 µg/ ml) solution were 
pipetted onto a flat PDMS stamp and dried under nitrogen flow. The protein was deposited onto a 
cover slip by microcontact printing (contact time 5 minutes). In a separate step, 15 µl of the 
monomer solution (either AEMHC 5/50, or SEMA 5/50 or HEMA 5/50) were added onto a clean 
and treated glass slide. The cover slip was then placed on the glass slide and the sample was 
straightaway irradiated (sample MIP1, MIP3 and MIP5). In addition, the sides of the glass slide 
were used as non-imprint control (NIP1, NIP3, and NIP5). In a parallel experiment, samples were 
prepared in a similar manner. In this case however, the cover slip printed with the proteins was let 
in contact with the monomer mixture during 15 minutes before irradiating the sample (NIP2/MIP2, 
NIP4/MIP4). The purpose of the latter experiment was to study the possible improvement of the 
organization between the proteins and the functional groups of the monomers before irradiation.  
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Figure 17. Schematic illustration of MIP synthesis. First STV ([STV] = 100 µg/ ml) is microcontact printed onto a 
cover slip while monomer mixture is added on a glass slide. The cover slip is then positioned in the middle of the glass 
slide. The system is UV irradiated obtaining a MIP area in the middle and two non-imprinted areas on the sides. After 
protein extraction by washing, the protein is then re-loaded in the whole film. Cover slips are then brought in contact 
with the film in order to avoid the evaporation of the protein solution. 
 
  The films were washed with milliQ water, AcOH:SDS (10%(v/v):10%(w/v)), NaCl (aq.) 
and milliQ water. 9 µl of STV-Cy5 ([STV-Cy5] = 100 µg/ ml) were then added on the hydrogel 
film on both NIP and MIP of parts. A cover slip was placed on each area in order to avoid protein 
evaporation during rebinding step. After a period of 16 hours, the films were rapidily rinsed with 
deionised water and read with the fluorescence scanner. Figure 18 displays the final fluorescence 
intensity after protein incubation in each film. Concerning the films irradiated immediately after 
monomer and protein contact, two case lead to an imprinting effect, namely SEMA 5/50 (IF= 1.7) 
and HEMA 5/50 (IF= 1.5). On the contrary, the MIP formed with AEMHC 5/50 formulation did not 
yield any specific recognition, since the NIP absorbed more STV than the MIP. These results can 
then be compared to the ones obtained when the protein was left during 15 minutes in contact with 
the monomer before irradiation. Whereas no strong difference in fluorescence intensity can be 
observed between all the experiments, a possible influence can be found in the imprinting factor. 
Indeed, IF for AEMHC 5/50 increased from 0.8 to 1.4 and that SEMA 5/50 from 1.7 to 2.2. This 
test of loading the protein in contact with the monomers was only performed once, so this will have 
of course to be verified. Unfortunately, the experiment performed on HEMA 5/50 lead to incoherent 
results and could not be used. 
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Figure 18. Binding experiment performed on MIP and NIP hydrogels, a) AEMHC 5/50, b) SEMA 5/50 and c) HEMA 
5/50. NIP1/MIP 1, NIP3/MIP3 and NIP5/MIP5 correspond to the films irradiated straightaway while NIP2/MIP2 and 
NIP4/MIP4 were synthesized after 15 minutes. The bars represent the fluorescence of each material as the subtraction 
of the fluorescence after and before protein incubation. 
 
To conclude this last part of the section, an improvement in recognition was achieved when 
the solution protein was not completely dried during rebinding. In addition, the fact that the protein 
was brought into contact with the monomer mixture for some minutes before polymerization 
seemed to lead to a better imprinting factor. Nonetheless, further experiments must be carried out to 
fully understand the system. 
 
I. 3. 3. Conclusions 
 In this section we have studied the MIP synthesis in presence of different proteins and the 
rebinding event by fluorescence. We have shown that the use of labeled antibodies as secondary 
probe can be a possibility to visualize the presence of the proteins in MIP cavities. Moreover, we 
have studied the washing protocol to remove as effectively as possible the protein from the MIP 
cavities. The best results were obtained when using AcOH:SDS in the protocol. We have also 
carried out the MIP synthesis with a non-fluorescent protein which was the most suitable template 
according to the precedent experiments. The visualization of the protein was carried out by 
incorporation of biotin-DY-636. The last experiments were carried out by deposition of the protein 
by microcontact printing on a cover slip glass and then brought into contact with the monomer 
mixture followed by UV polymerization. Suitable preference of the protein for SEMA 5/50 and 
HEMA 5/50 MIPs was observed. The fabrication of molecularly imprinted polymers for protein 
recognition presents us with several challenges mainly concerning the visualization and 
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quantification of the target molecules. In addition, several factors in every step of the MIP 
fabrication process can have drastic effects on the final outcome; therefore such factors have to be 
studied separately and in depth in order to obtain a suitable material with good recognition 
capability. However, the above results are still at a preliminary stage and efforts are being made in 
order to improve the system.  
Next section deals with protein imprinted hydrogels which are patterned in a controlled way 
in order to detect the rebinding process by light diffraction technique.  
 
II. Detection in the Absence of Labeled Molecules: the Light Diffraction 
Technique 
II. 1. State of Art 
Our goal in this section is not to give a thorough description of the diffraction theory. We 
will describe the principle of the technique and the factors which affect the diffraction signal in 
presence or absence of an analyte, to take into account these factors in the experimental 
investigation. The theoretical principle and development of the optimum parameters of diffraction 
gratings were described and defined by Jean-Christophe Cau at LAAS. For further detail of the 
global modeling and the details of the calculations, the reader can consult the PhD thesis of Jean-
Christophe Cau.[34] 
 
II. 1. 1. Theoretical Background  
Light diffraction by gratings is a technique which allows monitoring the interaction events 
between molecules or with a patterned substrate (i.e. SAMs, polymers...). 
Detection by diffraction is based on the principle of light diffraction by a periodic structure 
(lines or grooves) on a flat surface. Basically, diffraction grating surface is illuminated by a plane 
wave monochromatic incident light (i.e. laser) and the light beam is diffracted with orders defined 
by discret angles, each of precise direction (see Figure 19). The advantage of the gratings lies on the 
fact that there exists a unique set of angles for a fixed light wavelength. The magnitude of their 
corresponding orders depends on dimensions of the periodic lines, i.e. the height h, the width l, the 
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pitch p and the index of the material. Any change in these four parameters will result in a change in 
its light diffraction response. Change can be brought, for instance, in an expansion or enlargement 
of the lines when the target molecule is deposited on the grating lines. The resulting variation is the 
event which reveals a molecular adsorption on the surface gratings and thus it is possible to measure 
the interactions of the target molecule.  
 
 
Figure 19. Principle of diffraction by a grating. 
 
Figure 20 shows a representation of microarray system (or biochip) patterned in parallel 
repeating lines on a submicron period onto a substrate surface. In this model, the parallel lines are 
composed by different probe molecules but can be any other micropatterned receptor for the 
detection of specific interaction A, B, C, D and so on. 
 
 
Figure 20. Schematic representation of microarray principle.  
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 In optical detection systems, two photosensors are used as is represented in Figure 20. One 
of them (left-hand side) measures part of the incident signal while the second (right-hand side) 
integrates the intensity of the light diffracted of order 1. This integration is traduced in power P1. In 
order to avoid the fluctuations of the incident laser, normalization of the diffracted power P1 (nW) 
versus the incident power Pi (mW) is possible by using these two photosensors and is defined as the 
ratio of both powers P1/Pi. Eventually, the relative variation of the signal before and after interaction 
of the target molecule and its quantification can be expressed by the gain G (which does not depend 
on the fluctuation of the incident light) as follows:  
 
 
 
On a biochip, the interaction events will then be determined with the change in the 
diffraction spectrum upon exposure of each array to an incident laser beam. In this section of the 
manuscript, the term gain can be defined in two different ways. Primarily, it is the ratio of 
intensities before and after interaction. In a second case, the gain may also refer to the multiplicity 
factor of incident power light within the diffrachip.  
Specifically, we have to take into account the light emitted from the gratings but also the 
light emitted between them. Therefore, during an interaction event, the ratio between P1 and Pi will 
change according to light emitted by the lines. Gain (G) depends on the variation of the light 
emitted before and after interaction. There are several parameters which may be part of a variation 
of diffraction independently of the variation created by the target molecule of interest. We can 
divide these parameters in three classes: 
a) Parameters which derivate from the device, namely the dimension of the grating including 
the height h, the width l, the pitch p. These parameters can be adjusted during its fabrication 
b) Parameters related to the chemical nature of the gratings. The light intensity of the 
diffracted laser beam depends on the refractive index of the gratings.  
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c) Parameters from the response. The challenge of this technique lies in the control of these 
parameters which are the control of different possible interactions between the molecules and the 
grating surface. Indeed, the interactions can lead to an increase either of the height or the width of 
the grating or a change in its refractive index. The interactions can be specific (within the grating 
lines), non- specific (within the holes, i.e. space between two adjacent grating lines), or both at the 
same time.  
Based on the simulations of the diffraction variation and the corresponding gain with 
different interactions in the gratings made by J.C Cau, different responses can be found. Figure 21 
shows the four possible interactions of the target molecule with the arrays. In the case of specific 
interactions (see Figure 21a), as the target molecule is attached solely onto the probe molecule, the 
height of lines will increase, providing a larger depth between the holes and the lines. Hence, as the 
light diffracted is proportional to the line height, a rise of the diffracted power and gain will be 
observed (G > 0). In a non-ideal specific recognition, an attachment of the target molecule in the 
probe lines but also on the sides of the latter occurs (see Figure 21b). For instance, surface 
chemistry with branched structures can lead to a lateral grip. Thus the resulting gain is higher than 
in the case of specific interaction. This fact is due to a widening of the lines (within a limit) and to 
the superposition of layers which tends to increase the gain and therefore is additive (G>>0). 
 
 
Figure 21. Schematic representation of response simulation of an array. A) Ideal specific interaction, in which the 
target molecule is attached perfectly onto the probe molecules, b) non-ideal specific interaction. Grating lines are 
broadened by the presence of the target molecule attack onto the probe molecules but also on the sides, c) non-specific 
interaction, in which the target molecules are placed only in the “holes” and d) both non-specific and specific 
interactions are present.[34] 
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If the non-specific interactions are located in the holes (see Figure 21c), the height 
difference between lines and holes is smaller, the diffracted power and the gain tend to decrease 
(G<0). In the last case, non specific and specific interactions take place (see Figure 21d) 
simultaneously. In this situation, it is not possible to detect the difference between the types of 
interactions (G=0). The challenge of diffraction adapted to MIP lies in this last situation, because, in 
MIPs, non-specific interactions are in competition with the specific ones. It should work only if 
specific interactions are more important than non-specific ones.   
 
II. 1. 2. Biomolecular Detection 
Although light diffraction has been investigated and applied in various technologies over the 
years, its use in diffraction grating sensors for bio-detection remains relatively unexplored. In many 
cases involving diffraction gratings, additional signal enhancement and labeling are necessary. This 
fact is due to the low sensitivity and to the fact that the control of the receptor grating is not 
completely understood. The enhancement can be achieved either by microfabricating diffraction 
gratings with specific heights as previously described or by using sequential amplification steps 
after the capture of the target molecules on a solid sensor surface. Based on the diffraction theory 
described above, Vieu et al.[35] presented in 2009 the validation of this method for protein detection. 
In detail, streptavidin was first microcontact printed on a substrate using a macrostamp (see Figure 
22a) which has the ability to deposit thousand of molecules in one step (and possibly different 
ones).[36]  First, incubation of a biotinylated protein A followed by anti-proteinA was performed 
(see Figure 22b). In parallel, a negative control was prepared by incubating on the surface the anti-
proteinA directly after streptavidin printing in absence of the protein. They reported that after 
antigen/antibody interaction the diffraction signal increased significantly whereas for the negative 
control, the diffraction signal decreased because the non-specific antibody adsorption on the 
surface. They reported that detection limits of few fM can be achieved with this technique.  
204 Chapter III. Protein Detection 
 
204 
 
 
Figure 22. a) Photography of a large multilevel PDMS stamp compliant with the format of a 1536 titration plate. Each 
of the protruding millimetric pads contains micro/nanoscale features that cannot be seen at this magnification. And b) 
AFM images of a nanoscale periodic gratings of proteins (antibodies) fabricated by µCP. The period grating is 1 µm, 
and the linewidth is 500 nm.[35] 
 
Because molecules such as DNA or proteins are relatively small, amplifying systems such as 
nanoparticles or metallic beads are commonly used, in order to increase the diffraction signal. For 
instance, in 2003 Hupp et al.[37] reported DNA detection with chemoresponsive diffraction gratings 
by using gold nanoparticles (13 nm) as amplifiers of the signal response. 5’-SH-ssDNA (captured 
DNA) solution was first immobilized on the substrate (Figure 23). This substrate was immerged in 
a gold nanoparticles probe DNA solution, followed by the injection of ssDNA target solution which 
is complementary to both capture and probe DNA. Once the latter was added, the diffraction signal 
began to be detected due to the hybridization event. The change in diffraction efficiency (defined as 
a ratio of diffracted after hybridization -to-undiffracted light intensity before hybridization) due to 
the absorptive effect of the nanoparticles, was wavelength dependent, owing to a modification in 
gold plasmon absorption in the proximity of the grating. In addition, an increase of target ssDNA 
concentration entails the raise of attached nanoparticle probe DNA and consequently the diffraction 
signal increased. The method provided a high sensitivity of 40-900 fM, depending of probe 
wavelength.  
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Figure 23. Schematic illustration of detection methodology.[37] 
 
In 2005, Goh and coworkers demonstrated the possibility to detect and monitor in real-time 
biomolecular interaction between an antibody and its corresponding antigen, with solution 
concentration as low as 2.5 µg/ mL.[38] In the same year, they presented an even lower detection 
limit in a diffraction-based assay by using a secondary amplification.[39] Precisely, Digoxin-BSA 
and BSA were cross-stamped on a first glass slide (the second protein stamping was done rotated ~ 
30º relative to the first stamping). A fluid channel system was obtained placing another glass slide 
on the top (15 µl volume) separated by a thin strip spacer (see Figure 24). The ability of the system 
was demonstrated by adding anti-digoxin in the cell and thus producing an increase of diffraction 
signal from digoxin response. The detection limit determined was 200 ng/ml of antibody 
concentration. An increase in detection limit was then achieved when a secondary antibody 
conjugated with an enzyme was added on top of the antidigoxin prebound to digoxin. The enzyme 
is used to react with TMB (3,3’, 5, 5’-tetramethyl benzidine) and the formed product precipitates on 
the patterns. This leads to a solid deposit on the array, increasing the height of the patterns, which 
completely changes the diffraction and leads to a greater sensitivity. The limit of detection was then 
50 pg/ ml of antibody concentration. These systems have been marketed by Axela (DOTlab® 
system).[40] 
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Figure 24. a) Schematic illustration of fluid cell, b) Diffraction image generated by laser illumination of a cross-
patterned substrate showing correspondence of pattern on substrate to pattern in the diffraction image and c) 
simultaneous, real-time, and direct response of digoxin–BSA and BSA to 2 µg/mL solution of antidigoxin using across-
patterned BSA/digoxin–BSA substrate.[39] 
 
In 2007, Savran and coworkers developed a generic optical diffraction biosensor based on 
self-assembly of target-containing nanobeads that form optical diffraction gratings. To develop the 
system, they used biotin-streptavidin complex (see Figure 25).[41] In detail, biotin-coupled BSA 
(bovine serum albumin) was microcontact printed on gold coated glass slide with periodic patterns 
(15 µm wide, see Figure 26a and b). Streptavidin–coupled polystyrene beads in suspension were 
able to specifically recognize and bind to the biotin present on the surface (see Figure 26c and d). 
They demonstrated that the diffraction signal was a function of the bead size, and that noise was 
minimized by normalizing the intensities of the diffraction modes. In addition, because any target 
molecule can be captured using beads functionalized with appropriate receptors, they have used this 
system to recognize specifically different cancer markers obtaining a sensitivity limit of 24,5-20 
pg/ml.[42, 43] 
 
 
  
Figure 25. Schematic illustration of the 
 
 
 
Figure 26. Optical micrograph of a) and b
self-assembly of streptavidin-coated beads with 490 nm diameter on B
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Figure 27. Schematic illustration of the diffraction gratings sensor for antigen detection. A) Hydrogel swelling when 
submerged in a solution of free antigen. A) Increase of the trough depth of the grating when submerged in a solution of 
free antigen.[44]  
 
Moreno-Bondi et al.[46] have presented this year hydrogel MIP 2D diffraction gratings for 
enrofloxacin antibiotic detection. The precursor solution was composed of methacrylic acid (MMA) 
and 2-hydroethyl methacrylate (HEMA) in the same proportion and the template molecule. 
Ethylene glycol dimethacrylate was used as a crosslinker agent. The solution was deposited onto 
SiO2/Si grating mold, covered with a Mylar® film and polymerized at 50ºC. The film was released 
in a hydrofluoric acid solution. After target molecule removal, the hydrogel MIP grating was able to 
detect the template with a concentration limit of 1.8 µM with high selectivity shown by a 
competition of another antibiotic molecule. To the best of our knowledge, this approach represents 
one of the first studies based on diffraction grating using an MIP as a sensing material.  
 
II. 2. Design of Experimental Set Up 
In the theoretical background of the diffraction technique, we presented the geometrical 
factors affecting the diffraction response as well as the refractive index of the gratings. Moreover, 
any change in the gratings thickness (i.e. expansion or enlargement) due to the deposition of a target 
molecule will change the refractive index of the gratings. In the case of MIP, since the refractive 
index should vary with the concentration of the target molecules,[46] this variation should be 
optically detected and quantified. As the MIP surface displays patterns with gratings, the light 
intensity of the diffracted laser beam by these gratings depends on the refractive index and therefore 
the concentration of target molecules of the polymer (see Figure 28a). 
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Figure 28. a) Schematic illustration of the interaction between MIP and the proteins (bulk MIP). And b) Simulation of 
gain, (blue lines), and the diffracted intensity, (green lines), corresponding to a diffraction grating according to the 
height of the lines and change of the refractive index.[34]  
 
As already mentioned in Chapter II, a material patterned (e.g. hydrogel) with 500 nm wide 
gratings with a pitch of 1 µm is close to the optimal values of diffraction. In the case of MIP like for 
NIP, the diffraction gratings should be therefore constituted of grating of 500 nm width, a pitch of 1 
µm (+/-15 nm) and a thickness of lines (ho) between 25-100 nm or 250-300 nm to obtain a suitable 
signal before interaction with the target molecule (see Figure 28b) . In addition, the detection of the 
protein in the MIP will be improved if the protein shows a high refractive index difference. We will 
be able to detect a specific or non-specific interaction, but not the superposition of both. Therefore 
in the following section, the first promising results concerning diffraction from hydrogels using a 
diffraction scanner prototype will be presented. 
The advantages of light diffraction technique over fluorescence lies in the fact that no 
fluorescence tags or fluorescent proteins are needed to obtain a signal. In addition, the fluorescent 
noise arising from the autofluorescence of the polymer will be therefore avoided. Nonetheless, in 
this investigation we used labeled proteins in order to carry out in parallel the visualization of the 
protein by fluorescence (see Section I. 2. 3) and then the quantification of the protein by light 
diffraction.  
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II. 2. 1. Prototype Diffraction Scanner  
The scanner is a prototype model from Innopsys S.A. in stage of development. The main 
components include a temperature control board, a laser source and a photodiode detector. When 
the incident laser beam comes in contact with the patterns, light is diffracted (P1 in mW) at different 
intensities measured with a photodiode. In turn, these intensities are represented as different colors. 
The diffracted power light should ideally be near the maximum sensitivity of the photodiode or 
should be large enough so that a signal can be measured. The diffracted laser beam has a coefficient 
of variation (CV) corresponding to the ratio between the standard deviation (noise) and 
measurement average (signal), in other words CV reflects the range of error when measuring a 
signal. During our investigations, we accounted for a 3% CV originating from the device (laser 
fluctuations, electronic background and interference) and thus each gain larger than +/-1.5% was 
considered relevant.  
The experiments have been carried out at the same time as the successive improvements of 
the scanner were made by Innopsys S.A. Therefore, two different versions of the software were 
used. In early experiments the scanner parameters (i.e. Pi and gain) were changed manually, and 
thus, when the optimum power light was found for one column of the patterned hydrogel, it was not 
the most appropriate for others. In a second version, auto-settings were introduced; thus, the 
software automatically changed the parameters, applying an optimal value for each column on the 
patterned hydrogel inducing a diffracted signal, corresponding to half of the range of sensor. 
 
II. 3. Results: Application to Soft Hydrogel Diffraction 
The ultimate objectives for this part of the project involve the investigation of diffracted 
signal from protein imprinted hydrogels. We can divide this into three different steps. The first step 
involves the study of light diffraction coming from a protein-containing MIP. The MIP will then be 
washed and light diffraction will be quantified again in a second step. This will allow us to access 
information regarding the changes in light diffraction linked to the presence of proteins. In a last 
step, the protein is readsorbed in to the MIP. In the case when the protein is successfully rebound, 
light diffraction analyses could be used as a tool to confirm this via comparison with those for the 
protein-containing MIPs performed in the first step. 
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The study of light diffraction is performed using the scanner which only works at room 
temperature in air. Therefore, the hydrogel will be partially or completely dehydrated during 
scanning. This fact can have important effects on the diffracted light. As we have already seen by 
AFM, the dimensions of the gratings decreased while drying thus change of diffraction signal 
during drying and swelling had to be investigated. The variation of these two parameters should be 
as low as possible. In addition, the diffracted light signal should be stable and reproducible so that it 
can be measured. 
Once these two parameters have been controlled, the characterization of non-specific protein 
adsorption on NIP hydrogels should be studied as well as the response of the MIP in presence (i.e. 
after its synthesis and rebinding step) and absence (after washing step) of the protein.  
 
II. 3. 1. Alignment of the Gratings 
The alignment of the hydrogel gratings is crucial to have a signal in light diffraction with the 
prototype scanner. A mechanical device (see Figure 29) was used to align the silicon mold. This 
device was composed of a mechanical support with a vertical pillar in which an L-shape metal arm 
was fitted. The latter had a mobility along the z-axis and thus when the mold are incorporated in the 
bottom part, the movement was limited to one direction. In the base of the mechanical device, a 
cavity served to place the glass slide in order to avoid moving. The lamp was situated under the 
device. 
 
Figure 29. Schematic representation of mechanical support used to align the silicon mold to pattern the hydrogel. 
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II. 3. 2. The Mold and Nanostructuration of the Hydrogel  
The silicon mold used for diffraction experiments is made by photolithography using stepper 
device and dry etching (Figure 30a and b). Thus, a wafer was divided into three zones of different 
doses of UV (Zone 1 = 1135 mW / cm², Zone 2 = 1420 mW / cm² and Zone 3 = 1700 mW/cm²), 
allowing to control the width of the lines (see Figure 30c). The wafer was then etched and the 
depths were measured by a profilometer obtaining 201 nm ± 10 nm. The final molds were 
composed of 16 arrays of diffraction gratings. These molds were cleaned with oxygen plasma 
before use. 
 
 
Figure 30. SEM image of silicon mold fabricated by a stepper. a) zone 3 inclined at 22°, b) zone 2 and c) measurements 
of line width depending on the dose for three depths of etching. The characterizations of the mold were carried out by 
Loic Laplatine in LAAS laboratory. 
 
The photolithography by using a stepper and dry etching are very precise techniques; 
however, there exist slight variations in the line widths (between 5 and 10% of standard deviation, 
SD) and depth (10% SD) even on the same mold. Consequently, slight differences in the diffracted 
light are anticipated.  
Figure 31 displays a typical view of the diffracted light from the hydrogel and optical 
microscope images corresponding to four arrays. The presence of some defects on the lines can be 
observed. These defects may be either due to the presence of defects in the silicon mold from its 
fabrication or they can be created during the hydrogel release from the mold. Further investigations 
have to be made to address this issue. 
In the following experiments, the same procedure was applied to each and every hydrogel 
replica with 16 arrays of diffraction gratings. 
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Figure 31. Optical microscope images at x40 of AEMHC 5/50 nanopatterned hydrogel and the view (central image) of 
its corresponding light diffracted captured from the diffraction scanner.   
 
II. 3. 3. Variation of the Diffracted Signal with Drying 
In Chapter II Section III, we have monitored the variation of the gratings dimensions with 
drying time at room temperature by AFM. The change of the geometry was found to be in 
agreement with the diffraction requirements, i.e. a pitch of 1 µm (± -15 nm) with the thickness of 
lines (ho) between 25-100 nm or 250-300 nm. Therefore, in order to obtain a reliable diffracted 
signal, the first experiment aimed at studying how the variation in the geometry affected this signal.   
These experiments were carried out without auto-settings, therefore, preliminary tests were 
performed in order to find the suitable parameters where light diffracted signal was not saturated 
but could be measured. Thus, a scanning of power and gain was made from 0.3 mW to 4.0 mW and 
increasing the gain gradually. Hence, 1 mW and a multiplicative factor of 1.8 gave an optimal light 
diffracted value to be measured. Afterwards, the variation of refractive index with hydrogel drying 
was measured making 16 scans of a newly nanopatterned hydrogel from 3 minutes (after its 
synthesis) to 48 minutes. Because no auto-setting was used, the variation of the maximum value 
diffracted with time was investigated separately for each column. Figure 32 and Table 1 display the 
final results. We can observe in the graph that for each array there exists a slight variation from one 
scan to another. Specifically, after 48 minutes, the average of the diffracted light of each column 
was 1152.0± 67.7 nW/mW , 606.0± 54.7 nW/mW, 345.4 ± 6.56 nW/mW and 642.5 ± 32.0 nW/mW 
for columns a, b, c and d respectively. These results show that the variation with time is negligible. 
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Figure 32. Diffracted light from AEMHC 5/50 nanopatterned hydrogel during dehydration (48 minutes, 16 scans). 
Each graph corresponds to one column in the array. The graphs represent the variation of the maximum value during 
drying of each grating in the same column. The blue line corresponds to: grating 1, red line: gratings 2, green line: 
grating 3, violet line: grating 4. The measurements were carried out at 1mW with a gain at 1.8. On the right-hand side, 
image view corresponding to diffracted light from AEMHC 5/50 nanopatterned hydrogel . 
 
 
 
Column 
 
Average 
diffraction 
(nW/mW): 
Array 1 
 
 
Average 
diffraction 
(nW/mW): 
Array 2 
 
Average 
diffraction 
(nW/mW): 
Array 3 
 
Average 
diffraction 
(nW/mW): 
Array4 
Average 
diffraction 
(nW/mW): 
All arrays 
in the column 
Column A 1117.6 ± 29.5 
 
1048.4  ±35.6 1165.1  ± 33.5 1240.3 ± 39.4 1152.0 ±  67.7 
Column B 
 
594.4  ±  26.8 598.7  ±  32.0 550.0  ±  24.8 681.1  ±  24.5 606.0 ±  54.7 
Column C 
 
338.4  ±  29.7 353.6  ±  32.0 347.2  ±  33.8 342.5  ±  30.3 345.4  ±  6.5 
Column D 
 
605.3  ±  33.0 629.3  ±  27.4 658.0  ±  21.7 677.7  ±  26.6 642.5  ±  32.0 
 
Table 1.Average of maximum value of diffracted light from 5/50 AEMHC nanopatterned hydrogel in each column of 
the array.  
 
 
  
By AFM analyses, we have 
dimensions of the hydrogel during dehydration fulfill the specification of the scanner. Here, we 
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Column Average of maximum 
diffracted value(nW/mW) 
of the 3 dry/swollen cycles 
hydrogel (a) 
Average of maximun 
diffracted value(nW/mW) 
of the 3 dry/swollen cycles 
hydrogel (b) 
Average of maximun 
diffracted value(nW/mW) 
of the 3 dry/swollen cycles 
Both hydrogels 
1 1119.3 ± 17.5 1188.0 ±25.0 1153.6 ± 42.2 
2 627.3 ± 33.1 633.0 ±19.0 630.1 ±24.3 
3 358.6 ± 9.6 354.9 ±13.6 356.8 ±10.7 
4 706.0 ± 11. 8 687.7 ±44.4 696.8 ± 30.7 
Table 2. Average of the maximum diffracted light values of the three dry/swollen cycles of the hydrogels (a) and (b), 
analyzed by columns. And average of maximum diffracted light during dry/swollen cycles between both nanopatterned 
hydrogels (a) and (b) synthesized with the same mold. 
 
Having a look to the first hydrogel (a) (see Figure 33a, Table 2), we can observe that the 
variation in each column after the three dry/swollen cycles is low. These results are also observed 
for the hydrogel (b) synthesized with the same mold. Comparing both nanopatterned hydrogels, the 
variation of the maximum value of diffracted light remains low. Therefore, the gratings of the 
hydrogel after dry/swollen cycles are able to conserve their initial dimension and thus diffract the 
light in a same manner obtaining a reliable value.  
 
II. 3. 4. 2. Variation of the Diffracted Signal with Different Molds  
 A different silicon mold with the same dimensions as previously was used to pattern a new 
AEMHC 5/50 hydrogel. Three dry/swollen cycles were then carried out reading the sample with the 
scanner. The comparison between the resulting diffracted light values and those from the other two 
hydrogels is shown in Figure 34 and Table 3. In this case, for almost all the columns, a higher 
difference between them was observed. This difference can be due to the slight variation of the 
mold dimensions during its fabrication. To improve the reproducibility on this aspect, more 
investigations and better implementation are required. In the following experiments, we thus used 
the same mold for the same type of experiment to avoid this lack of reproducibility induced by the 
differences between molds. 
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Figure 34. Histograms corresponding to the maximum variation with drying/swelling cycles of diffracted light from two 
AEMHC 5/50 hydrogels (a) and (b) which were patterned with the same mold and (c) with a different mold.  
 
 
Column Average of maximun diffracted value 
(nW/mW)  of the three dry/swollen 
cycles hydrogel (c) 
Average of maximun diffracted value 
(nW/mW) of the three dry/swollen 
cycles three hydrogels(a, b and c) 
1 923.1  ± 61.0 1076.7 ± 123.8 
2 619.7  ±  20.9 626.6 ± 22.5 
3 259.8  ±  9.3 324.5  ± 49.5 
4 634.72  ±  9.4 676.1 ± 39.7 
 
Table 3. Comparison of diffracted light during dry/swollen cycles between both nanopatterned hydrogels synthesized 
with the same mold and another hydrogel nanopatterned with another mold. The comparison is done between columns.  
 
 
II. 3. 5. Preliminary tests with MIP-Streptavidin and NIP  
 Preliminary tests have been carried out with a MIP using streptavidin as a template 
molecule. In addition, NIP has been used as negative control. The latter can give an idea how non-
specific interactions will affect the diffraction signal. It is important to remind here the possibilities 
of light diffraction signal with the types of interaction. Simplifying, for an ideal case in which only 
specific interactions take place on the gratings, the diffracted light and thus the gain will be G > 0. 
In addition, these interactions may occur laterally, in this case G >> 0.  If the protein is absorbed in 
the holes of the MIP, non-specific interaction will be expressed as G < 0 and when both interactions 
occur at the same time, G = 0. The latter can be also due to the absence of molecules, for instance 
during washing step in which all molecules are removed. In the case of NIP, in which only non-
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specific interactions will take place, these interactions can be randomly distributed in the lines, or in 
the holes or in both at the same time.  
We have performed two experiments. The first relies on MIP synthesis using STV as a 
target molecule and then adding a biotin-DY-636 solution which will link the STV present in MIP 
cavities. The second corresponds to MIP synthesis with STV, washing the MIP to promote the 
removal of the protein and in a final step re-incubating the Cy5 labeled STV. The final MIP and 
NIP were also analyzed by fluorescence as we have already shown in Section I. 2. 3. 
 
II. 3. 5. 1. MIP- Streptavidin. Recognition by Biotin-DY-636 interaction 
Figure 35 shows MIP-STV strategy: MIP synthesis was carried out as previously described. 
Once the polymerization was finished, the silicon mold was peeled off and the final nanopatterned 
film was rinsed with milliQ water. The film was then read by light diffraction scanning. In a 
following step, 2 µl of a biotin-DY-636 ([biotin-DY-636] = 25 µg/ ml) were added on each array 
and after a period of 5 minutes the film was rinsed with milliQ water prior to analyze the light 
diffraction. Moreover, a non-imprinted control was carried out preparing the NIP in absence of 
protein followed by the incubation of 2 µl of a biotin-DY-636 and rinsing. The adsorption of biotin-
DY-636 alone in NIP gives an idea of the diffracted light that is associated with biotin alone, 
without STV.  
 
 
Figure 35. Schematic illustration of patterned MIP-STV and subsequently interaction STV-biotin-DY636.  
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The results obtained by light diffraction are represented in Figure 36 and Table 4. In this 
case, the response was studied on each array of MIP in the same column comparing the response of 
the analogue array and column in NIP. Generally, 10 MIPs-STV arrays displayed a successful 
increase in diffracted light after interaction with biotin-DY636 molecules. This increase 
corresponds to specific molecular interaction between STV and biotin. On the contrary, arrays 6 and 
8 displayed a decrease in diffracted light, showing the presence of non-specific interactions of 
biotin molecules located in the holes of MIP-STV gratings. NIPs showed three different 
interactions. Arrays 1 to 6 and 8, displayed a decrease in diffracted light after biotin-CY636 
deposition. These values correspond to the non-specific interaction within the holes of the gratings. 
Then, array 7 showed no variation in light diffraction after incubation, in this case interaction in the 
gratings as well as in the holes occured. In the last column of NIP, an increase was exhibited from 
arrays 9 to 12, in which the non-specific interaction was placed in the gratings. In summary, 80% of 
MIP-STV strongly interacted with biotin-DY636 and this interaction was successfully detected by 
light diffraction. NIPs control showed that even a small molecule as biotin can influence the 
gratings dimension and thus be detected by light diffraction. And expectedly, NIPs displayed non-
specific interactions located in the gratings, holes and in both at the same time. The interaction 
event and thus the presence of the STV in MIP cavities were also visualized by fluorescence (see 
Section I. 2. 3. 1).  Despite this success, this investigation was stopped due to the impossibility to 
completely release biotin from the MIP and NIP, impeding any rebinding incubation test to be 
performed.  
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Figure 36. Histogram corresponding to the maximum value of light diffracted from AEMHC 5/50 MIP-STV and 
AEMHC 5/50 NIP, before (b) and after (a) biotin-DY-636 incubation. The analysis is made by columns of the patterned 
hydrogel.  
 
 
Columns %Gain. MIP-STV after 
interaction 
%Gain. NIP  after biotin 
deposition 
Column 1  
 
Array  1 13 % 
-8.5 % 
Array  2 11 % 
-15.3 % 
Array  3 5.0 % 
-14.8 % 
Array  4 12.5 % 
-15.6 % 
Column  2   
Array 5 8.7 % 
-5.1 % 
Array  6 -10 % 
-5.5 % 
Array 7 8.0 % 0 
Array 8 -4.4 % 
-15.2 % 
Column 3   
Array 9 29.1 % 4.7 % 
Array 10 26.2 % 11.5 % 
Array 11 13.5 % 9.1 % 
Array 12 4.4 % 2.7 % 
Table 4. Percentage variation on MIP-STV and on NIP after incubation of biotin-DY636. The calculation was made by 
subtracting the light diffracted after and before incubation.  
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II. 3. 5. 2. MIP-streptavidin. Recognition by STV-Cy5 interaction 
 
 NIP and MIP-STV were synthesized as previously described (see Figure 37) and read on 
the diffraction scanner. The films were then washed and scanned. Eventually, after incubation the 
films were then washed with milliQ water and they were read once again in the scanner.  
 
 
Figure 37. Schematic illustration of patterned MIP-STV and subsequent re-binding of STV-Cy5 after washing step. 
 
Ideally for this system, after washing of MIP-STV, a reduction of diffracted light should be 
observed due to the protein removal. This reduction in diffraction is due to a minor difference 
between the gratings and the holes. After protein incubation, the diffracted signal should increase 
compared with the previous scan if a predominant specific recognition exists. This response was 
only exhibited for column 3 in MIP-STP (see Figure 38 and Table 5) in which the values after 
washing the MIP (removing the protein) decreased to 12% from the initial diffracted light. 
Nonetheless, after rebinding of STV-Cy5, no variation on light diffracted was observed. These 
results can be due to the specific and non-specific interactions between the imprinted material and 
the protein. However, the choice of conditions can have important effects on the fabrication of 
MIPs and therefore cannot be excluded. For instance, regarding to fluorescence results for this same 
sample (see Section I. 2. 3. 2), we have already observed that a change in reincubation conditions is 
needed. Moreover, the height of the hydrogel patterns is much larger (~70nm in dry state) than the 
size of a protein (~ 10nm) and thus it can mask the real signal from the protein. Therefore, we are 
currently trying to improve our system and future investigations relative to the height of the 
hydrogel patterns will be made in order to find the best dimensions.  
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Figure 38. Histogram corresponding to the maximum value of light diffracted from AEMHC 5/50 MIP-STV, before (b) 
and after washing (a) and reincubation (r) of STV-Cy5. The analysis is made by columns of the patterned hydrogel. 
 
 
Column 3 Average of 
max. diffracted 
value before 
washing 
Average of max. 
diffracted value 
after washing 
% Gain 
After washing 
cycles 
Average of max. 
diffracted value 
after re-
incubation 
% Gain 
 Re-binding 
Array 9 1264.8 1240.1 -2.0 % 1231.6 0% 
Array 10 1064.4 933.5 -12.0 % 954.0 2.3% 
Array 11 1072.4 966.7 - 10.0 % 978.7 1.2% 
Array 12 1307.4 1160.0 -11.2% 1161.5 0% 
Table 5. Percentage variation on MIP-STV after washing to provide protein removal and after re-binding of STV-Cy5.  
 
II. 3. 6. Conclusions 
  In this section, we have presented the studies relative to patterned hydrogels and their light 
diffraction response. The alignment of the arrays was carried out with a mechanical device. We 
have studied the variation of the light diffracted from the patterns while drying. The results showed 
slight variations of the diffracted signal due to dehydration of the hydrogel which was negligible. 
This result was first anticipated by the AFM measurements carried out during drying process in 
which the analyses showed only a small variation of the gratings pitch. This variation was in the 
range permitted to fulfill the specification of the scanner. We have studied the reproducibility of the 
variation when 3 drying/swollen cycles were carried out, comparing two hydrogels synthesized with 
the same mold. The results obtained with the same mold were very similar, showing reproducibility 
and that the dimensions of the hydrogel gratings were reversible after the 3 cycles. MIPs were 
synthesized in presence of STV as a target molecule. Biotin was added on the material to check 
whether the protein was well introduced in the MIP cavities through the synthesis. The diffracted 
light after interaction showed very interesting results in which almost all the arrays exhibited an 
increase of diffracted value after interaction.   
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III. General Conclusions 
This chapter has been devoted to set up the conditions in order to achieve the transduction of 
recognition process between MIP and protein by fluorescence and light diffraction technique. 
Concerning the fluorescence detection: 
 Different strategies were carried out with non fluorescent protein MIP synthesis. Suitable 
results were obtained with films synthesized by bringing the protein directly into contact with the 
monomer mixture. In addition, in this strategy, the protein solution was protected from evaporation 
in rebinding process. MIPs synthesized using HEMA 5/50 and SEMA 5/50 exhibited affinity for the 
protein. Nonetheless, AEMHC 5/50 did not display reliable recognition signal. 
We have also studied the washing protocols to extract the protein in MIP cavities. Among 
them, the most suitable protocol so far involved washing with deionized water, then 10% (v/v)/ 
10% (w/v) AcOH:SDS followed by washing with NaCl (aq) and finally with deionized water.  
Concerning the light diffraction technique: 
 We have successfully nanopatterned the hydrogel with a suitable alignment of the arrays 
using a mechanical device. Moreover, the variability of the diffracted signal from the patterned 
hydrogel while drying and during dry/swollen cycles was checked. It was found that the diffracted 
light from the nanopatterned hydrogel gave a reliable signal either in dry state or after at least three 
dry/swollen cycles. Regarding the light diffracted from MIP, successful results were obtained when 
using biotin-DY636 as secondary probe.  
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A la suite de la nanostructuration de l’hydrogel, les expériences ont été consacrées à mettre 
au point les conditions pour parvenir à la transduction du processus de reconnaissance soit par 
fluorescence soit par diffraction de la lumière.  
En ce qui concerne la détection par fluorescence, des essais préliminaires ont été réalisés 
dans un premier temps et ont montré que des protéines marquées avec des fluorophores organiques 
de type cyanine ne sont pas compatibles avec la réaction de polymérisation. Par conséquent, ces 
protéines marquées ne sont pas appropriées en tant que template pour la synthèse de MIP. La 
protéine fluorescente verte (green fluorescent protein, GFP) a également été rejetée pour la 
préparation d’hydrogels imprimés en raison de l'autofluorescence inattendue très importante de 
l'hydrogel, qui masque celle de la GFP. Des protéines fluorescentes rouges ont ensuite été 
sélectionnées en vue de contourner l'inconvénient présenté par des protéines marquées ou 
fluorescentes vertes. Cependant, leur quantification n'a pu être réalisée du fait de l'inadaptation des 
longueurs d'onde des scanners commerciaux à la longueur d'onde de protéines fluorescentes 
rouges.[1] Finalement, une approche impliquant la Glutathione S- Transférase (GST) non 
fluorescente et en utilisant un anticorps anti-GST marqué Cy5 comme sonde secondaire a donné des 
résultats préliminaires satisfaisants montrant une légère reconnaissance sélective. Cependant, cette 
stratégie fournit des analyses relatives et non absolutes qui sont essentielles dans notre 
investigation. On également souligné l'importance d'un protocole de lavage approprié pour éliminer 
la protéine dans les cavités du MIP et assurer également l’élimination complète de toute molécule 
provenant du lavage qui pourrait fausser les résultats. Parmi les protocoles de lavages utilisés, les 
meilleurs résultats ont été obtenus lors de l'utilisation d'eau déminéralisée, puis 10% (v/v)/10% 
(w/v) AcOH:SDS suivie d'un lavage avec une solution de NaCl (aq) et enfin avec de l'eau 
déminéralisée.  
Ces essais préliminaires nous ont amenés à préparer les hydrogels MIP en utilisant des 
protéines classiques comme template. Les expériences suivantes ont alors porté sur la détection par 
fluorescence en faisant une quantification relative de la réponse du MIP et du NIP. Les expériences 
ont été réalisées en utilisant la streptavidine (tétramère d'environ 58 kDa) comme template 
protéique non-fluorescent. Deux stratégies différentes ont été choisies pour visualiser la présence de 
la protéine dans des cavités MIP. La première repose sur l'utilisation de la biotine-DY-636 (DY-636 
est un analogue de Cy5) comme sonde secondaire. La structure de la streptavidine (en abrégé STV 
dans la suite) porte un seul site de liaison de biotine activé dans chacune de ses sous-unités 
présentant une grande affinité pour la biotine. Le complexe STV-biotine est en effet considéré 
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comme l'un des plus stables parmi les interactions biologiques (constante d'association                   
Ka = 1015 M-1).[2] Dans la deuxième stratégie, le processus d'empreinte a été suivi par la ré-
incubation de la même protéine, mais marquée parle fluorophore  Cy5. 
Enfin, on a déposé la protéine par "microcontact printing" sur une lamelle de verre. Ce dépôt 
a été mis en contact avec le mélange de monomères qui a été ensuite polymérisé sous UV. Apres 
lavage, des tests de rebinding ont été réalisés. Les résultats sont présentés dans la Figure 1. Dans les 
cas des séries SEMA 5/50 et HEMA 5/50, une reconnaissance a été obtenue, en comparaison de 
matériaux non imprimés. Dans ces deux cas, le facteur de reconnaissance MIP/NIP est 
respectivement de 1,7 et 1,5. 
 
Figure 1. Expérience de ré-incubation sur des hydrogels MIP et le NIP, AEMHC 5/50 SEMA 5/50 et HEMA 5/50 
respectivement.  
 
La fabrication de polymères à empreintes moléculaires pour la reconnaissance des protéines 
a présenté plusieurs défis, ne serait-ce que la visualisation et la quantification des molécules cibles. 
En outre, plusieurs facteurs à chaque étape du processus de fabrication des MIP peuvent avoir des 
effets drastiques sur le résultat final et, par conséquent, de tels facteurs doivent être étudiés 
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séparément et en profondeur afin d'obtenir un matériau approprié avec une bonne capacité de 
reconnaissance.  
Une seconde méthode de détection pour mettre en évidence l'interaction entre la protéine et 
l'hydrogel MIP a été étudiée, consistant en la détection par diffraction de la lumière Nous avons 
donc présenté précédemment comment la structuration des hydrogels avec motifs des tailles micro 
et nanométriques avait été réalisée. Leur réponse en diffraction a ensuite été étudiée dans ce 
chapitre. L'alignement des lignes a été réalisé avec un dispositif mécanique. Nous avons étudié la 
variation de la lumière diffractée pendant le temps de séchage. Les résultats ont montré de très 
légères variations du signal diffracté en raison de la déshydratation de l'hydrogel. Ceci est en accord 
avec les mesures AFM effectuées au cours du processus de séchage, par lesquelles on a montré que 
le pas des réseaux ne subissait qu'une faible variation, (voir chapitre II). Cette variation reste en 
effet dans la gamme détectable par le scanner. Nous avons étudié également la reproductibilité de la 
variation au cours de 3 cycles de séchage / gonflement, comparant deux hydrogels synthétisés avec 
le même moule. Les résultats obtenus avec le même moule étaient très semblables, montrant la 
reproductibilité et montrant que les dimensions des réseaux d’hydrogel restent réversibles après les 
3 cycles. Des hydrogels MIP ont été ensuite synthétisés en présence de STV comme molécule cible. 
La biotine a été ajoutée sur le matériel pour vérifier si la protéine est bien introduite dans les cavités 
MIP par la synthèse. La lumière diffractée après interaction a montré des résultats très intéressants, 
dans lequel presque tous les réseaux exposés montrent une augmentation de la valeur diffractée 
après interaction. 
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The aim of my PhD work was to design and develop a new biochip prepared by synthetic 
methods, capable of selectively recognizing proteins, using the molecularly imprinted polymer 
technique. The MIP had to be structured in nanometric lines to be coupled subsequently with the 
diffracting label-free detection. During the first part of this project, we have assessed different 
hydrogel formulations that needed to respond to several specifications: polymerization process at 
25-37 °C in phosphate buffer solution and a polymerization time of less than 15 minutes. In 
addition, the hydrogel required functional groups that can interact with the protein, needs to be 
transparent and biocompatible. Finally, these materials had to have pore sizes compatible with that 
of the protein for successful surface recognition and exhibit mechanical properties which are 
compatible with routine technological processes. 
Three formulations have been selected, including functional groups presenting either a 
positive or a negative charge, or no charge at all. By following the formation of the hydrogel under 
UV irradiation by piezorheometry, we showed that maximal crosslinking was achieved in less than 
5 minutes when using a lamp with a power of 150 mW/cm2. In addition we also confirmed that 
these formulations were compatible with UV-nanoimprint lithography and that sub-micron periodic 
gratings could be obtained. These exhibited a strong diffraction signal and are stable over several 
months, which is very encouraging. The protein MIPs after batch rebinding experiments were 
evaluated by fluorescence, showing imprinted factors of 1.7 and 2.2. 
In order to improve the system, several options can be proposed. Concerning the hydrogel 
synthesis, parameters such as presence of oxygen during polymerization and power of the lamp 
used in the synthesis, have to be optimized in order to increase the gel fraction. The use of new 
initiators resisting to oxygen inhibition might be interesting to consider. The control of the synthesis 
is a crucial step to obtain selective MIPs for protein recognition. In addition, new monomers can be 
envisaged to increase the interacting moieties enabling a good recognition process. For instance, the 
incorporation of a small ratio of a hydrophobic monomer could develop hydrophobic interactions 
with the external surface of the protein. Regarding the protein structure, surface density charges of 
each protein to use as a template in MIP synthesis should be studied by modeling softwares in order 
to choose the right prepolymer formulation for each protein. Since the amount of analyses to 
determine the suitable parameters is really large, designs of experiments will be therefore essential. 
After MIP composition optimization, “passivation” of the surface against non-selective adsorption 
of proteins will be necessary. 
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Concerning diffraction detection, the geometrical parameters such as the gel layer thickness 
or the grating depth will have to be finely tuned in order to observe significant signal change in 
diffracted intensity between the empty MIP and that charged with the protein. In addition, 
diffraction signal evolution, varying parameters such as pH and temperature has to be assessed. 
Based on fluorescent proteins, the detection parameters necessary for the rebinding steps can be 
assessed by developing analytical methods for the quantification such as capillary electrophoresis.  
Ideally, when all these points will be successfully achieved, the optimized conditions can 
then be transposed to a cancer biomarker such as a Rho protein, on a diffracting chip. In this case, 
the detection of the binding can be achieved either directly by diffraction, or by QCM or by 
fluorescent antibodies as alternative methods. 
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Le but de mon travail de thèse a consisté en la conception de nouvelles  biopuces préparées 
par des procédés synthétiques, capables de reconnaître sélectivement des protéines, en utilisant la 
technique de polymère à empreinte moléculaire. Le MIP a été structuré en lignes nanométriques 
pour être compatible avec la détection par diffraction. Au cours de la première partie de ce projet, 
nous avons évalué différentes formulations d’hydrogel afin de répondre à plusieurs caractéristiques: 
procédé de polymérisation à 25-37 °C dans une solution tampon phosphate et un temps de 
polymérisation de moins de 15 minutes. En outre, l'hydrogel devait présenter des groupements 
fonctionnels capables d’interagir avec la protéine, devait être transparent et biocompatible. Enfin, la 
taille des pores de ces matériaux a été mesurée afin d’évaluer leur compatibilité avec le principe 
d’une reconnaissance des protéines en surface. Leurs propriétés mécaniques au cours de la 
polymérisation ont également été déterminées, permettant d’affiner les conditions de 
polymerisation. Trois formulations ont été sélectionnées, comprenant des groupes fonctionnels soit 
chargés positifs (ammonium), soit négatifs (sulfonique), ou sans charge (alcools, sucres). Ces 
formulations sont compatibles avec la lithographie par nanoimpression UV et des réseaux 
périodiques de taille de sub-microniques peuvent être obtenus. Ceux-ci présentent un signal fort de 
diffraction et sont stables pendant plusieurs mois. 
Des empreintes de protéines ont ensuite été réalisées sur la base de ces hydrogels, et deux 
méthodes de détection de l'interaction protéine – empreinte ont été évaluées, à savoir une détection 
avec marquage par fluorescence et une détection sans marquage par diffraction. Dans les cas les 
plus favorables, on a pu montrer une différence de reconnaissance entre un hydrogel imprimé et un 
hydrogel non imprimé témoin, avec un facteur d'impression de l'ordre de 2. Ces résultats, après la 
mise au point du système synthétique, constituent une première étape qui sera poursuivie afin 
d'améliorer le système et sa reconnaissance. Plusieurs options peuvent être proposées. En ce qui 
concerne la synthèse d'hydrogel, les paramètres tels que la présence de l'oxygène lors de la 
polymérisation et la puissance de la lampe utilisée dans la synthèse, doivent être optimisés afin 
d'augmenter la fraction de gel. L'utilisation de nouveaux amorceurs résistant à l'inhibition de 
l'oxygène pourrait être intéressante á examiner. Le contrôle de la synthèse est une étape cruciale 
pour obtenir des MIPs sélectif pour la reconnaissance des protéines. En outre, de nouveaux 
monomères peuvent être envisagés pour augmenter les groupements en interaction avec la protéine, 
permettant un processus de bonne reconnaissance. Par exemple, l'incorporation d'un faible ratio d'un 
monomère hydrophobe pourrait développer des interactions hydrophobes avec la surface externe de 
la protéine. En ce qui concerne la structure des protéines, la densité de charges á la surface de 
chaque protéine à utiliser comme template dans la synthèse de MIP doit être évaluée, en utilisant les 
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logiciels de modélisation afin de choisir la meilleure formulation du pré-polymère pour chaque 
protéine. Comme la quantité des analyses pour déterminer les paramètres appropriés est grande, des 
plans d’expériences pourraient être utilisés. Après l'optimisation de la composition du MIP, une 
"passivation" de la surface pour éviter l'adsorption non sélective des protéines sera nécessaire. En ce 
qui concerne la détection par diffraction, les paramètres géométriques tels que l'épaisseur de la 
couche de gel ou de la profondeur de réseau devront être finement réglés pour observer un 
changement significatif de l'intensité diffractée entre le MIP vide et celui contenant la protéine. En 
outre, pour l'évolution des signaux de diffraction, divers paramètres tels que le pH et la température 
doivent être évalués. Basés sur des protéines fluorescentes, les paramètres de détection requis pour 
les étapes de ré-incubation peuvent être évalués par le développement de méthodes analytiques pour 
la quantification telles que l'électrophorèse capillaire. Idéalement, lorsque tous ces points seront 
atteints avec succès, les conditions optimisées peuvent ensuite être transposées à un biomarqueur du 
cancer comme une protéine Rho. Dans ce cas, la détection de la reconnaissance peut être obtenue, 
soit directement par la diffraction, ou par QCM (quartz crystal microbalance). 
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I. Synthesis 
 
2-Sulfoethylmethacrylate (SEMA), 2-hydroxyethylmethacrylate (HEMA), N, N-
methylenebisacrylamide (mBisA), 2-hydroxy-4’-(2-hydroxy-ethoxy)-2 methylpropiophenone 
(HHMP), polyethyleneglycol dimethacrylate ( 1000=nM g.mol-1), PEG400DMA, 
Acrylamide/bisacrylamide, 2-aminoethyl methacrylate hydrochloride (AEMHC) and γ-
methacryloxypropyltrimethoxysilane (MPS, C10H20O5Si) were purchased from Aldrich. α,β-
glucosyloxyethylmethacrylate (GEMA) was obtained from Carbomer and freeze – dried before use. 
Bis-Acyl-phosphine oxide (BAPO) was a generous gift from Ciba. Ammonium persulfate 
(NH4)2S2O8 and sodium thiosulphate Na2S2O3 were obtained from Fluka and Aldrich respectively. 
Glass slides (26 x 76 x 1.0 mm) were purchased from Thermo Scientific. Unless mentioned, all 
monomers were used as received. 
Buffer solution was prepared as follows: first 0.92 g of KH2PO4 was dissolved in 100 ml of 
miliQ water and 1.2 g of Na2HPO4 x 2H2O was dissolved in 100 ml of miliQ water. In a volumetric 
flask of 10 ml were then added 1.46 ml of the first solution, 6 ml of the second solution and 2.54 ml 
of miliQ water, obtaining a PBS solution of 50 mM and pH~7.4. 
Glass slides were washed in a solution as a follows. Firstly we dissolved 40 g of NaOH (2.5 
M) in a mixture of deionized water/EtOH 95% (160 ml/240 ml). The bath was shaken during 2 
hours at room temperature (oscillating stirrer speed 40 rev/min). The slides were rinsed with 
deionized water (three times during 5 minutes). It was necessary to verify that the last bath of water 
reached a neutral pH. Afterwards the plates were plunged in 95% ethanol during 5minutes. Finally 
the slides were dried in an oven at 100 ºC. Methacrylate functionalized glass slides were obtained 
by treating the glass in a 10% vol solution of methacryloxypropyltrimethoxysilane in toluene during 
20 minutes at 80°C. Subsequently, the plates were rinsed with cold toluene, ethanol and dried. 
Photopolymerization was performed either with a Xenon lamp (Müller, 450 W, lamp-sample 
distance: 6 cm, power density received by the sample: 28 mW.cm-2) at a wavelength above 335 nm 
or a spot lamp (DELOLUX 04 power density received by the sample: 150 mW.cm-2, lamp-sample 
distance: 2.7 cm), at a wavelength above 315 nm. Piezo-rheometry experiments were carried out 
with a Xenon lamp (Spectroline, lamp-sample distance: 3 cm, power received by the sample: 
0.5mW.cm-2) at a wavelength about 365 nm,  
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In a typical experiment, 1 ml of a 0.69 M (total concentration of reactive functions) solution 
containing the monomers, and crosslinkers according to Table 3 in chapter I section II. 2. was 
prepared in the PBS buffer solution. In order to easily dissolve mBisA solution before addition to 
the monomer mixture, the solution was introduced in an ultrasonic bath at 40ºC for 10 minutes. In 
the case of redox initiation, 40 µl of a (NH4)2S2O8 solution of 400 mg/l and 40 µl of another at 150 
mg/ml of Na2S2O3 were used.[1] The redox solutions were prepared just before their introduction to 
the monomer solution prior to polymerization. The solutions in this case had to be thoroughly 
degassed under vacuum. The polymerization was carried out under argon. In the case of 
photoinitiation, 1 mol % of initiator was introduced and the solution was thoroughly mixed. In the 
case of using HHMP, the solution was introduced in an oil bath at 60ºC for 30 seconds. Eventually, 
the monomer mixture was spread on the silicon or glass support, covered with a methacrylate 
functionalized glass plate and put under the irradiation system.  
 
II. Characterization of the Soluble Fraction  
After hydrogel polymerization, the film was washed in milliQ water during 18 hours at room 
temperature and supernatant was freeze-dried. The extracted products were then dissolved in 
deuterated DMSO and analyzed by 1H NMR. The analyses were carried in Bruker 300MHz by A-F. 
Mingotaud.  
 
III. Raman Spectroscopy  
Raman spectra were obtained using a LABRAM HR 800 spectrometer from Horiba Jobin-
Yvon. The laser was a helium neon laser of 17 mW, with an excitation wavelength at 632.82 nm. 
Redox polymerization was studied by this technique at room temperature in a quartz tube. 
 
IV. Piezorheometry –Kinetics of Polymerization 
The parallel glass slides were attached to two ceramics; one of emission and another of 
reception (see Figure 1). Prior to solution deposition, the rough glass slides were treated by UV 
irradiation (λ~264 nm) in presence of oxygen for 5 minutes in order to eliminate any residual trace 
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of organic molecules. In order to ensure a good reproducibility, the sample was systematically 
vigorously stirred on a vortex during two minutes before spreading in the cell. 5µl (surface area 
~0.5 cm2) of monomer mixture was placed between two glass plates. Silicon oil was introduced 
(η~5mPa.s) between the slides to avoid water evaporation. The samples were irradiated from the 
bottom of the cell at a wavelength of 365 nm. The lamp intensity (I) was 2.41 mWcm-2; however, 
the intensity reaching the sample was only of ~0.5 mWcm-2 (see Figure 2). The temperature was 
kept constant (25 °C) during all experiments using a cooling circuit. The mechanical measurements 
associated to the gel formation were performed at 4Hz for all the samples studied. The applied 
strain Ɛ was very small, Ɛ ≤ 2.5x 10-4, and the validity of the linear response checked 
experimentally. The mechanical response of the sample was registered until a time-independent 
shear modulus (G’) was observed (the end of the polymerization process). Measurements of the 
complex shear modulus as a function of the frequency were then carried out to fully characterize the 
mechanical response of the sample.   
 
 
 
Figure 1. Schematic representation of the piezorheometer cell. 
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Figure 2. Piezorheometer system. d represents the distance between the lamp, the cell entrance and the sample. 
 
V. Swelling Ratio 
The degree of swelling was determined at room temperature. After synthesis, the gels were 
repeatedly washed with water, dried for 72 hours at room temperature (20 ºC) and weighed (md), 
the weight was measured twice with an interval of 4 hours to verify its weight stability. They were 
then equilibrated in water for 72 hours at 4ºC. The hydrogels were then removed from their 
respective solutions and the excess solution at the surface was removed with a filter paper. At this 
point, the swollen material was weighed (ms). The degree of swelling was calculated from the ratio 
ms/md. Each degree of swelling was measured twice. The relative standard error for most of 
samples was below 10%. After complete evaporation of water, the same protocol was repeated with 
phosphate buffer (PBS 50mM) at pH ~ 7.4 and then with PBS/NaCl (9 gL-1 NaCl – equal to salt 
concentration in physiological conditions). 
For these experiments, 3 new hydrogel formulations were also synthesized, SEMA/AEMHC 
7/30, SEMA/AEMHC 3.5/34.5 and SEMA/AEMHC 5/50, by potopolymerization (see Table 1). 
The difference from the original formulation (7/30, 3.5/34.5and 5/50) was the introduction in the 
solution of 50% of positively charged AEMHC monomer and 50% of negatively charged SEMA 
monomer in each respective solution whereas the rest of the components were not varied.  
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FORMULATION 
 
HEMA 
(mol %) 
 
GEMA 
(mol %) 
 
SEMA 
(mol %) 
 
AEMHC 
(mol %) 
 
Bisacrylamide 
(mol %) 
 
PEG 
DMA 
(mol %) 
SEMA/AEMHC 
7/30 
- 63.0 3.5 3.5 20.0 10.0 
SEMA/AEMHC 
3.5/34.4 
- 62.0 1.75 1.75 17.2 17.2 
SEMA/AEMHC 
5/50 
- 45.0 2.5 2.5 25.0 25.0 
Table 1. Formulation of polyampholyte gels. 
 
 
VI. Microscopy Experiments 
VI. 1. TEM-Sample Preparation  
The gel was fixed with 2% glutaraldehyde in cacodylate sodium buffer (0.2 M sodium, pH 
7.4) for 4 h at 4ºC and washed with 0.2 M sodium cacodylate for 12 h at 4ºC. The sample was then 
post-fixed for 1 h at room temperature with 1% OsO4 (osmium tetroxide) in cacodylate buffer 0.2 
M, washed twice with distilled water. The sample was dehydrated in an ascending ethanol series, 
and ethanol was then replaced by propylene oxide (see Table 2). Afterwards, the sample was 
embedded in Epon-araldite resin (Embed 812-Araldite 502, epoxi resin) and then polymerized at 
60ºC for 24 hours. The sample was cut into 70 nm thick sections (Ultracut Reichert Jung) which 
were mounted on 100 mesh collodion-coated copper grids and stained with 3% uranyl acetate in 
50% ethanol and with 8.5% Reynold’s lead citrate before examination. The samples were prepared 
in CMEAB (center for electron microscopy applied to biology) in medicine faculty in Toulouse by 
I. Fourqueaux. The TEM experiments were performed at the microscopy service of Toulouse 
University Paul Sabatier – TEMSCAN by L. Datas on a JEOL JEM 1400 electron microscope with 
an acceleration voltage at 120kV. 
 
Alcohol bath Time (min) 
ethanol  30° 10 
ethanol  50° 10 
ethanol  70 ° 10 
ethanol  95° 10 
ethanol  100° 3 x 15 
Propylene oxide 2 x 15 
Table 2. Dehydration process of the hydrogel in a series of graded ethanol followed by propylene oxide 
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VI. 2. SEM- Sample Preparation 
The swollen hydrogel samples were freeze-dried. The samples were then placed onto a 
metallic support and coated with a thin layer of metallic compound, such as platinum. The 
morphology of hydrogels was examined by SEM at the microscopy service of Toulouse University 
Paul Sabatier – TEMSCAN on a FEGJEOL JSM 6700F electron microscope operating at 5.0 kV. 
 
VI. 3. Cryofracture (observation of a solid structure by SEM) 
A piece of sample of less than one millimeter was placed on a copper base and frozen by 
plunging in liquid nitrogen. The sample was then transferred under vacuum into the cryotransfer 
chamber (GATAN Alto 2500, UK) and fractured, and warmed at -100 ºC to sublimation. Once the 
temperature arrived at -140 °C (observation temperature), it was metalized with gold-palladium and 
introduced into the chamber of the microscope (FESEM JEOL JSM 6700 Japan). The hydrogel 
network was examined by Cryofracture at the microscopy service of Nice University Sophia 
Antipolis (by J-P. Laugier). 
The pore size distribution of the hydrogel was determined by measuring a minimum of 200 
pores of each sample. The size distributions were analyzed in terms of Gaussian statistics. 
 
VI. 4. Cryocut (observation of a solid structure by TEM) 
The gel was fixed with 4 % paraformaldehyde for 1 hour at room temperature (PFA, is a 
chemical fixative to stabilize the structures). The sample was then embedded in Tissue-Tek® 
O.C.T.™ compound, which helps to fix the sample onto the sample holder and polymerized directly 
in the cryo-chamber at low temperature prior to cutting using a Leica ultra-microtome equipped 
with a cryo-chamber. The cuts were made at -90 °C, and then placed on TEM grids. The grids were 
then examined under a Jeol 120 electron microscope. The hydrogel sample was prepared and 
observed in Institut d'Exploration Fonctionnelle des Génomes (IBCG) in Toulouse by S. Balor and 
N. Benmeradi.  
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VII. Atomic Force Microscopy –AFM 
The hydrogels grafted onto glass slides were analyzed in contact mode either in wet 
(deionized water) or dry conditions on a NanoWizard® II from JPK (Life Science Version) at 
ITAV. AFM images were analyzed by JPK software.  
 
VIII. Thermoporometry 
 
Thermoporometry experiments were carried out on a Pyris 1 DSC from Perkin Elmer. 
Various NIPs hydrogels with different concentrations were analyzed. The hydrogels were immersed 
in deionized water over night and degassed then under vacuum, allowing them to equilibrate. The 
sample of about 4-20 mg was put in a sealable large volume aluminum pan. For each sample, the 
sample was fist cooled at -40 ºC and left 5 min at this temperature. It was then heated up to 40ºC at 
1ºC/min and cooled again at a rate of 1 ºC/min.  
 
 
 
 
 
 
 
 
 
 
 
 
[1] C. BERTOZZI , R. MUKKAMALA, Q. CHEN, H. HU and D. BAUDE, European Patent 
Office 2008, WO9911692. 
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I. Surface Modification 
I. 1. Materials 
Octadecyltrichlorosilane (OTS, C18H37Cl3Si) and γ-methacryloxypropyltrimethoxysilane 
(MPS, C10H20O5Si) were purchased from Sigma Adrich. NaOH and dichloromethane (HPLC grade 
99.9 %) were obtained from SDS, Toluene (HPLC grade) was purchased from VWR, H2O2 (37% 
solution) was obtained from Merck and H2SO4 (96%) from OMG Group. Glass slides (26 x 76 x 1.0 
mm) were purchased from Thermo Scientific.  
In order to avoid MPS degradation, it was stored at 4ºC in separate sealed bottles. 
Degradation of MPS would not provide a uniform layer on the substrate surface.  
 
I. 2. Hydrophilic Modification with Piranha solution  
The glass slides were not cleaned prior to surface modification. H2SO4 was mixed with H2O2 
in a proportion 70/30 in volume. The slides were immersed in the acid solution for 5 minutes and 
they were then rinsed with deionized water and dried. (This reaction is very exothermic and piranha 
being a strong oxidant, extremely care must be taken to avoid any contact of the piranha solution 
with organic solvents which can lead to explosion).  
 
I. 3. Hydrophobic Modification with Octadecyltrichlorosilane (OTS) 
 
Initially the slides were cleaned with dichloromethane, acetone, and ethanol and finally with 
deionized water. The slides were then soaked during 5minutes at room temperature in a 
dichloromethane solution containing 1% OTS. The glass slides were then rinsed with 
dichloromethane and dried. This treatment is more resistant to atmosphere; hence the process can be 
performed several days before use.  
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I. 4. Modification with γ-Methacryloxypropyltrimethoxysilane (MPS) 
  
Glass slides were washed in a basic solution (40 g of NaOH (2.5 M) dissolved in a mixture 
of deionized water/EtOH 95% (160 ml/240 ml)). The bath was shaken during 2 hours at room 
temperature (oscillating stirrer speed 40 rev/min). The slides were rinsed with deionized water 
(three times during 5 minutes). The last bath of water pH was checked to verify that it was close to 
neutrality. Afterwards the slides were immersed within 95% ethanol during 5 minutes. Finally the 
slides were dried in an oven at 100ºC for 30 minutes. 
The glass slides were functionalized by introducing them in a mixture of MPS and toluene 
(10/90 % v/v) and heating at 75 ºC for a period of 15 minutes.  In order to remove any excess silane 
residues, the slides were rinsed with toluene and ethanol followed by drying under a stream of air. 
  
I. 5. Contact Angle Measurement.  
The contact angle experiments were carried out using a tensiometer (Krüss instrument, 
DSA10-MK22). The contact angles were read within 30 seconds after deposition of 10 µL of 
deionized water on the glass slide. Mean water contact angles were calculated from 30 
measurements, corresponding to 6 measurements on different areas of five different slides. An 
average error of +/- 2.8º was obtained.  
 
II. Molds Preparation 
II. 1.  Materials 
The two-component kit of Sylgard-184 was purchased from Dow Corning. Silicon wafer of 
4” was obtained from BT Electronics and NOA73 from Norland . Spin coater (SPIN 150) from SPS 
was used for film deposition. 1, 1, 1, 3, 3, 3 hexafluoroisopropylacrylate, propylamine and 
dodecyltrichlorosilane (DTS, C12H25Cl3Si) were purchased from Sigma Aldrich. 
The patterns formed by soft UV-NIL employing mold with millimetric patterns were 
obtained by illuminating the sample with a xenon lamp at 28 mW/cm2. NOA73, SU-8 and hydrogel 
nanostructuration was performed employing a Delolux 04 lamp, with an intensity measured on the 
sample of 150 mW/cm2 with a wavelength range between 315 to 800 nm 
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II. 2. Millimetric Patterns 
The following protocol was followed to coat a thin PDMS layer onto silicon wafer. On one 
hand 5 g of Sylgard-184A base (see Figure 1) was mixed with 500mg of curing agent Sylgard-184B 
(see Figure 2). The mixture was degassed under vacuum in order to avoid the formation of bubbles 
in the resulting film. On the other hand, the silicon wafer (diameter 10 cm) was cleaned with HPLC 
chloroform. A fixed spin coating program (n° 5, see Table 1) is usually used to coat the polymer 
precursor onto the wafer to obtain an optimal thickness. Nonetheless, it was necessary to gradually 
increase the speed and acceleration in order to check whether the whole wafer was not ejected by 
centrifuge forces (see Table 1). Half of the mixture was then spread onto the silicon wafer by spin 
coating (program nº5) and brought to curing at 150ºC during 1 minute on a hot plate. The coated 
wafer was then cut in pieces of 3 x 5 cm in which six squares of 3x3 mm2 were made by hand. 
                        
PROGRAM  
NUMBER 
SPEED  
 (R.P.M) 
ACCELERATION 
(R.P.M/SEC) 
TIME 
 (Seconds) 
1 1000 1000 30 
2 2000 1000 30 
3 3000 1000 30 
4 4000 1000 30 
5 5000 1000 30 
Table 1. Spin coating programs used to coat the polymer precursor onto silicon wafer.         
                                             
 
 
 
Figure 1. Polymer precursor (Sylgard-184A , oligomer base) composition as obtained from MSDS.  
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 Figure 2. Curing agent composition. (Sylgard 184B) as obtained from MSDS. 
   
II. 3. Fabrication of Micro/nanostructured Mold 
II. 3. 1. Silicon Master Mold 
 
The micro/nanostructures were created on a silicon master by electron beam lithography and 
RIE. After etching, the residual resist on the wafer was removed with acetone, followed by washing 
with acetone and oxidation via oxygen plasma (800W, 5 minutes, 1L/min). An anti-adhesive 
treatment was then applied on the master by using OTS in liquid phase (1% in trichloroethylene).  
 
II. 3. 2. PDMS Secondary Master Mold 
 
PDMS mold was generated by casting the pre-polymer and curing agent Sylgard 184 on the 
silicon mold and curing at 60ºC for 24 hours.  
 
II. 3. 3. SU-8 Replica  
The imprinting process for SU-8 was carried out by thermal soft UV-NIL. In the first step, 
SU-8 was spin coated on a plastic film. In order to evaporate the solvent, SU-8 coated on SiO2 
substrate was baked at 115ºC on a hot plate for 10 minutes. The wafer was cooled down to room 
temperature. The replica was then performed by increasing the temperature to 90ºC to liquefy the 
SU-8 film and the PDMS stamp was then brought in contact with the film for 2 minutes transferring 
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the patterns. Once the sample was cooled down (five minutes) under a nitrogen flow, the PDMS 
stamp was separated from the SU-8 film. The patterns were finally fixed by curing the imprinted 
film during 3 seconds of UV light exposure.[1] 
 
II. 3. 4. NOA Replica 
The duplication process for NOA was performed at room temperature due to its moderate 
viscosity (0.13 Pa.s at 25ºC). NOA73 was first added on a plastic film and brought in contact with 
the PDMS stamp for 2 minutes conformably covering the dimensional microstructure. Once the 
PDMS stamp was removed from the film, the cure was completed in 3 minutes by UV light 
exposure to cross-link the structured resist layer. 
 
III. Release Layer Formation onto Molds 
III. 1. Vapor Deposition 
The mold and an eppendorf containing hexafluoroisopropyl acrylate or DTS were placed 
inside a dessicator coupled to a vacuum pump. In order to generate the vapor of the product, the 
pressure was decreased creating the vacuum for 1 minute and the system was then closed for 3 
hours. 
 
III. 2. Michael addition  
2 g of propylamine dissolved in 50 ml of methanol and the NOA mold (0.4 g) were 
introduced into a 100-mL flask equipped with a reflux condenser. The mixture was refluxed at 40ºC 
for 8 h under stirring with a magnetic stirrer and then at room temperature for 48 hours. After the 
reaction, the mold was rinsed with methanol and dried under vacuum.  
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Figure 3. Michael addition reaction of α, β-unsaturated compounds (acrylate groups) of NOA73 with amino groups of 
propylanime. bp propylamine = 48ºC. 
 
IV. Optical Microscope 
The images of hydrogel with micrometric pattern size were recorded by a microscope 
Olympus BX50 and the images of hydrogel networks were recorded with an inverse microscope 
Olympus IX 70 and a camera Andor Luca. 
 
V. AFM Analysis 
The patterned hydrogels grafted on the glass slides were analyzed in contact mode in liquid 
or dry state on a NanoWizard® II from JPK (LifeScience Version). In contact mode, the force 
applied by the tip onto the sample was decreased until the limit of the tip desorption from the 
surface was obtained, in order to minimize the sample deformation owing to the scanning of the tip. 
 
VI. Profilometer 
  The surface profile of the grafted hydrogel film was analyzed in dry conditions on a 
mechanic profilometer KLA-Tencor P10 at the LAAS laboratory by Jean-Baptiste Doucet. The 
analysis was carried out using a sweeping speed at 20 and 100µm/s. 
 
 
 
[1] A. M. C. Egea and C. Vieu, Microelectronic Engineering 2011, In Press, Corrected Proof. 
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I. Materials  
Glutathione S-transferase (GST, isolated from a recombinant E. coli source), streptavidin 
(from Streptomyces avidinii), Bovine serum albumin (BSA) and sodium dodecyl sulfate (SDS) 
were purchased from Sigma Aldrich. Acetic acid and NaCl were purchased from Carlo Erba. 
Streptavidin-Cy5 was provided by the Biochip laboratory at INSA, LISBP (National Institute of 
Applied Sciences, Toulouse; E. Trevisiol, J.M. François). AntiGST-Cy5 was obtained from Santa 
Cruz biotechnology and mCherry was purchased from Clinisciences, DY-636-biotin was obtained 
from Mobitec. GFP was provided by ICR (J.C. Faye, C. Inard) Claudius Regaud Institute, 
Toulouse). PBS solution was prepared as described in Annexe-Chapter I. 
 
II. Fluorescence and Light Diffraction Techniques 
The preliminary experiments were performed using an AXON GenePix 4000A Microarray 
Scanner in Biochip laboratory at INSA (Toulouse). The rest of fluorescence investigations was 
carried out using an InnoScan® 900 from Innopsys S.A at ITAV institute (Advanced Technology 
Institute in Life Sciences, Centre Pierre Potier Toulouse). Light diffraction investigations were 
carried out using Diffrachip® from Innopsys S.A at ITAV institute. 
 
II. 1. Experimental Parameters Set up 
The MIP synthesis (see Figure 1) was carried out introducing first 4 µl of GST ([GST] = 100 
µg/ ml) in six of the eight millimetric patterns and two millimetric patterns were used as non-
imprinted controls. Once the protein solution was partially dried, the monomer mixture was spread 
onto the wafer, the glass slide treated with MPS was subsequently placed on top and the sample was 
irradiated. After polymerization, the final film was then covered with 1ml of BSA solution ([BSA] 
= 1 mg/ml) for 30 minutes. In order to remove any excess of unbound BSA, the film was washed 3 
times in buffer solution for 10 minutes. Finally, 200 µl of antibody solution ([anti-GST-Cy5] = 5.5 
µg / ml) was deposited onto the film for protein recognition for a period of 1 hour.  
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Figure 1. Schematic illustration of MIP-GST synthesis. 
 
After film washing, the rebinding was carried out by placing 4 µl of GST solution on each 
pattern for 1 hour. Afterwards, the material was rinsed with deionised water to remove protein 
excess which was weakly adsorbed. Then, the film was covered with 1ml BSA solution for 30 
minutes and the film was washed in buffer solution. Eventually, antibody solution ([anti-GST-Cy5] 
= 5.5 µg / ml) was deposited onto the film for protein recognition for a period of 1 hour. 
 
II. 2. MIP of Streptavidin 
II. 2. 1. Mold 
 
The silicon molds were fabricated at LAAS laboratory by photolithography stepper and dry 
etching. Each wafer contained sixty molds composed of 16 arrays (1.2 mm side pitch of 3.75 mm) 
of diffraction gratings. The 6 inch wafer was divided into three zones of different doses of UV 
(Zone 1 = 1135 mW / cm ², Zone 2 = 1420 mW / cm ² and Zone 3 = 1700 mW/cm²), allowing to 
control the width of the lines (see Table 1). The wafer was then etched and the depths were 
measured by a profilometer obtaining 201 nm ± 10 nm. These molds were cleaned with oxygen 
plasma before use. The hydrogel was nanopatterned with molds from the zone 2 (445 ± 5.6 nm 
width) for all experiments. 
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Table 1.  Width of the gratings in the mold depending on the UV light dose applied.  
 
II. 2. 2. Synthesis of Materials 
MIP nanopatterned hydrogels have been synthesized using a mold with a pitch of 1 µm and 
a line depth of 200 nm. Fist, the mold was introduced in EtOH/water solution (equal volume) and 
cleaned in a sonicator for ten minutes. In order to obtain more hydrophilic and clean silicon surface, 
plasma oxygen (1.5 mBar, 90 %) was applied for five minutes. 20 µl of streptavidin (STV) protein 
solution ([STV] = 100 µg/ ml) were then placed onto the silicon mold for five minutes. The mold 
was then washed twice with 300 µl of milliQ water to remove the excess or not adsorbed protein. 
The mold was brought into contact with a PDMS surface in order to remove the proteins at the top 
of the nanopatterns lines. The mold was then fixed on the base of the mobile arm. 25 µl of AEMHC 
5/50 monomer mixture was spread onto the glass slide treated with MPS and the mold was placed 
on top. UV irradiation was carried out for three minutes to ensure a complete polymerization. Once 
the polymerization was finished, the MIP was released from the mold. The MIP hydrogel replica 
was then analyzed by fluorescence and diffraction. 
In order to quantify the imprinting factor of our materials, NIP nanopatterned hydrogels 
have been synthesized in parallel. In the same manner, the mold was cleaned by ultrasonic cleaner 
for ten minutes and it was treated by plasma oxygen during five minutes. The mold was fixed then 
on the L-shape metal arm. 25µl of AEMHC 5/50 monomer mixture was spread onto the treated 
glass slide.  The mold was brought into contact with the sample, followed by UV irradiation (three 
      ONCO200     
Dose Zone 1 
1135 
 Zone 2 
1420 
 Zone 3 
1700 
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582 463 437 575 372 680 
 
582 437 440 571 377 680 
 
575 450 448 571 372 675 
 
589 443 452 564 367 690 
 
595 443 448 567 372 690 
 
582 456 444 564 362 685 
Average 584.12 448.7 444.8 568.7 370.3 683.3 
SD ± 6.9 ± 9.6 ± 5.6 ± 4.4 ± 5.1 ± 6.0 
         
    Grating Depth = 201 ± 10 nm (4 measures)   
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minutes). The NIP was then peeled off, and the final nanopatterned hydrogel was analyzed by 
diffraction.  
 
II. 2. 3. Protein Removal- Washing Process 
The next step consisted in removing the protein from the MIP cavities. NIP and MIP 
nanopatterned hydrogels were washed using an oscillating stirrer (70 rev /min). First the films were 
washed three times with deionised water, then four times in 20 ml of 10% AcOH (v/v):10% SDS 
(w/v) aqueous solution for thirty minutes. The MIP and NIP were rinsed three times in 20 ml of 150 
mM NaCl (aq.) solution for one hour, followed by washing four times with milliQ water. The light 
diffraction was then studied. 
 
II. 2. 4. Protein Rebinding  
To test the MIP capability to recognize the imprinted protein, a rebinding step was carried 
outstreptavidine-Cy5. Thus 0.5 µl of streptavidin-Cy5 ([STV-Cy5] = 100 µg/ ml)) was added on 
each nanopattern of the hydrogels (washed MIP and NIP). One hour later, the hydrogels were rinsed 
and analyzed by light diffraction and fluorescence. 
 
II. 2. 5. Analysis by diffraction 
Both NIP and MIP nanopatterned hydrogels were scanned three times after their synthesis 
by diffraction scanner. Each scan was approximately 12 minutes long (when using auto-settings). 
Due to the non-reacted compounds and the water released after photo-polymerization from the 
hydrogel, wrong diffraction information could be obtained. To avoid this fact, the nanopatterned 
hydrogels were washed in water for 30 minutes. The hydrogels were then dried during 30 seconds 
with compressed air and scanned three times (first scan taken t0= 2 minutes after drying). 
 
 
'' NANOSTRUCTURATION OF INNOVATIVE MOLECULAR IMPRINTED POLYMERS 
FOR THEIR USE IN PROTEIN DETECTION '' 
 
The aim of this PhD work was to design and develop a new type of nanostructured material 
that could be further used in a biochip capable of selectively detecting proteins such cancer 
biomarkers. The chosen method to achieve this goal was the molecularly imprinted polymer (MIP) 
technique. The MIP had to be structured in nanometric lines to be coupled subsequently with the 
diffracting label-free detection. During the first part of this project, different hydrogel formulations 
were assessed, which needed to respond to several specifications: polymerization process at 25-
37°C in phosphate buffer solution and a polymerization time of less than 15 minutes. In addition, 
the hydrogel required functional groups that can interact with the protein, it needed to be transparent 
and biocompatible. Finally, these materials had to have pore sizes compatible with that of the 
protein for successful surface recognition and exhibit mechanical properties which are compatible 
with routine technological processes. 
Three formulations for hydrogel synthesis were selected, including functional groups 
presenting either a positive or negative charge, or no charge at all.  
These materials were characterized by techniques such as piezorheometry, differential 
scanning calorimetry (DSC), electron microscopy (SEM, TEM and cryoSEM), atomic force 
microscopy (AFM) and profilometry.  
By following the formation of the hydrogel under UV irradiation by piezorheometry, we 
showed that maximal crosslinking was achieved in less than 5 minutes when using a lamp with a 
power of 150 mW/cm
2
. In addition we also confirmed that these formulations were compatible with 
UV-nanoimprint lithography and that sub-micron periodic gratings could be obtained.  
The protein MIPs after batch rebinding experiments were evaluated by fluorescence, 
showing recognition for streptavidin with an imprinting factor of I.F= 1.7.  
 
KEYWORDS: Molecular imprinted polymers, hydrogels, photopolymerization, nanostructuration, 
light diffraction, fluorescence, biodetection, biochip, proteins. 
 
